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Abstract 


The  physical  mechanises  which  are  of  importance  in  ground  clutter  are 
discussed ,  and  ground  clutter  measurements  are  shown  which  reveal  the  pres- 
ence  of  these  mechanisms »  The  significance  and  properties  of  the  radar 
length  tensor  (or  polarisation  matrix)  are  pointed  outo  The  radar  length 
tensor  for  small  circular  disks  is  determined,  and  curves  are  shown  for 
certain  ranges  of  aspect.  These  are  used  to  explain  some  previously  un¬ 
explained  horizontal/vertical  and  cross-polarization  characteristics  of  sea 
clutter 4 

Methods  for  measuring  the  radar  length  tensor  are  discussed,  and 
typical  coherent  radar  systems  for  ground  scattering  measurements  are  de¬ 
scribed,  A  new  calibration  technique  for  coherent  radars  is  described  v*  oh 
allows  ground  scattering  measurements  to  be  placed  on  a  quantitative  basis  o 
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10  INTRODUCTION 


The  aims  of  the  research  conducted  under  the  present  contract  were 

(1)  to  conduct  research  in  the  field  of  ground  clutter  and  associ¬ 
ated  ground  scattering  problems,  including  extensions  of  the 
basic  principles  already  developed  for  sea  clutter  to  the  case 
of  ground  clutter,  and 

(2)  to  formulate  a  detailed  measurement  program  for  the  collection 
of  data  oil  ground  clutter  with  the  radar  located  at  the  Maynard 
field  site  of  the  Air  Force  Canbridge  Research  Center  o 

The  recommended  measurement  program  required  in  (2)  already  has  been 
submitted  In  a  previous  report  [13  0 

The  phenomenon  of  radar  ground  clutter  is  a  special  case  of  wave  propa¬ 
gation  over  a  rough  surface »  In  spite  its  being  a  special  case,  the  study  ot 
radar  clutter  offers  the  possibility  of  throwing  a  great  deal  of  light  on  tha 
general  problem,.  This  is  due  to  the  fact  that  the  accumulation  of  experimental 
data  is  much  easier  because  of  the  coalescence  of  transmitting  and  receiving 
locations a  By  designing  an  experimental  program  to  bring  out  certain  sus¬ 
pected  dependencies,  it  may  be  possible  to  arrive  at  the  controlling  physical 
processes  in  the  radar  clutter  problem,  and  then  to  generalize  from  the  radar 
to  the  non-radar  case0 

In  approaching  the  ground  clutter  problem,  the  experience  gained  in  tbs 
comparable  study  of  sea  clutter  has  been  used  as  a  guide 0  The  sea  clutter 
problem  is  somewhat  less  complicated  because  of  th~  more  restricted  range  of 

•ft 

Numbers  in  square  brackets  refer  to  references  in  Sec0  9  on  ppe  9(V>920 


irregularity  of  the  surface*  In  addition,  it  has  received  much  mere  attention 
in  the  past,  out  of  ihich  we  have  been  able  to  deduce  the  presence  of  certain 
principles,,  Consequently,  it  is  natural  to  consider  the  extension  of  these 
principles  to  the  more  complicated  case  of  ground  clutter,, 

In  the  sea  clutter  problem,  the  return  from  the  sea  usually  represents 
an  interference  to  the  normal  function  of  the  radar,  which  is  the  detection 
and  tracking  of  objects  on  or  near  the  surface  o  The  comparable  effect  also 
exists  in  ground  radar  operation,,  However,  there  are  a  number  of  radar  appli¬ 
cations  over  grow  !  itrjere  the  ground  return  itself  is  the  desired  "target" 
inf  on.  ^tiono  Among  tiwse  are  navigation,  reconnaissance,  and  position  location 
by  ground  mapping*  In  these  applications,  the  most  important  characteristic 
is  the  contrast  between  objects  and  their  immediate  surroundings,  so  that  then 
Interest  focusses  on  the  non-uniformity  of  the  clutter  pattern.  Consequently, 
it  is  desirable  to  determine  the  factors  which  control  the  non-uniformity  of 
the  return,  and,  hence,  the  contrast  in  a  radar  map* 

From  the  background  gained  in  the  study  of  sea  clutter,  our  interest  was 
directed  to  vd  exploring  the  polarisation  characteristics  of  the  clutter* 

In  the  past,  measurements  of  clatter  have  been  made  predominantly  on  either 
horizontal  or  vertical  polarizations  Some  sea  clutter  measurements  C2,3l  over 
a  wide  range  of  angles  were  chiefly  responsible  for  this  deepening  of  interest 
in  the  polarization  properties s  Coupled  with  some  concurrent  theoretical  re¬ 
sults,  it  appe^,*  that  a  more  detailed  Study  of  polarization  characteristics 
could  provide  "eluable  deductions  concerning  the  scattering  mechanism,  and 
possibly  lead  to  techniques  by  which  contrast  could  be  increased*  Consequently, 
we  hove  given  considerate  .  to  methods  hr  which  the  polarization  characteristics 
could  be  mesr.ur  jd  most  conveniently  and  accurately*  As  a  result,  we  have  de- 
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vised  sop©  new  techniques  for  polarization  measurements  of  radar  character¬ 
istics  in  a  quantitative  way®  These  techniques  were  eirbodied  in  the  program 
of  measurements  which  we  recommended  be  carried  out  with  the  Maynard  field 
site  radar  Clio 

In  the  research  carried  out  under  this  contract,  we  have  investigated 
the  extension  of  principles  which  we  had  deduced  from  the  sea  clutter  phe¬ 
nomenon  to  the  case  of  ground  clutter o  This  includes  taking  into  a  ccount  the 
absorbing  characteristics  of  the  ground,  and  a  more  general  arrangement  of 
irregularitieso  We  also  have  determined  by  theoretical  methods  the  general 
polarization  properties  of  the  back-scattering  by  small  disks,  including 
the  cross-polarised  component  0  This  represents  a  start  toward  the  general 
problem  of  the  calculation  of  all  of  the  properties  of  the  return  from  a 
ground  surface. 

Since  the  present  research  was  an  outgrowth  and  extension  of  our  pre¬ 
vious  studies  of  the  sea  clutter  problem,  a  general  discussion  of  the  latter 
will  provide  a  useful  background  from  which  to  develop  the  extensions  carried 
out  under  the  present  contract®  This  background  will be  given  in  Sec.  2, 
where  the  physical  principles  controlling  the  phenomenon  will  be  brought  onto 
In  addition,  the  sea  clutter  results  referred  to  above,  i&ich  directed  espe¬ 
cial  interest  to  a  fuller  consideration  of  the  polarization  properties,  will 
be  discussede 

In  Sec.  3  the  applications  to  the  ground  cl’  ter  problem  of  the  physi¬ 
cal  principles  brought  out  in  Sec®  2  will  be  discussed,  and  experimental  re¬ 
sults  will  be  cited  for  comparison® 

In  Sec®  U  the  polarization  properties  of  radar  targets  will  be  discussed, 
the  radar  polarisation  matrix  will  be  derived  for  arbitrarily  oriented  small 


disks,  and  the  results  of  some  numerical  calculations  -will  be  shown0  The 
implications  of  the  results  to  the  interpretation  of  the  measurements  re« 
f erred  to  earlier  £  2$  33  then  will  be  discussed „ 

In  SeCo  $,  radar  systems  which  are  capable  of  measuring  the  polarization 
matrix  accurately  and  conveniently  will  be  described*  In  particular,  a  new 
calibration  technique  to  roduce  such  measurements  to  a  ouantitative  basis 
will,  be  shown  o 

In  SeCo  6,  extensions  of  our  earlier  scattering  theory  will  be  made  to 
include  a  general  arrangement  of  irregularities 0  Finally,  a  summary  of  the 
results  obtained  under  the  present  contract  will  be  given  in  Sec®  7»  «nd 
recommendations  for  future  research  will  be  presented  in  Sec®  8® 
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la  this  section,  we  shall  give  firut  a  geuer il  summary  of  the  principal 
sea  clutter  properties  that  have  been  observed,  and  attempts  at  their  ex¬ 
planation  <>  This  will  be  followed  by  a  discussion  of  the  interference  phe¬ 
nomena  between  incident  and  reflected  components  as  a  function  of  the  wave 
polarization,  especially  very  close  to  a  reflecting  surface o  The  experi¬ 
mental  tests  which  showed  the  existence  of  such  interference  effects  in  sea 
clutter  will  then  be  describedo  The  implications  of  this  result  with  respect 
to  the  fundamental  scattering  mechanism,  which  lead  to  the  conclusion  that 
small  flat  patches  or  facets  of  the  surface  are  the  principal  back-scattering 
elements  at  small  depression  angles,  then  will  be  discussed.  These  mechan¬ 
isms  are  likely  to  be  present  in  the  comparable  ground  clutter  situation. 

In  addition,  some  rather  recent  information  on  polarization  character¬ 
istics  will  be  shown  which  are  not  readily  explainable  in  terms  of  available 
polarisations  characteristics.  Data  of  this  type  led  us  to  examine  in  de¬ 
tail  the  polarization  characteristics  of  the  return,  which  will  be  carried 
out  in  Sec.  U. 

The  sea  clutter  phenomenon  is  complicated  by  its  dependence  on  a  number 
of  parameters,  principally  the  depression  angle  (anrle  below  the  horizontal 
at  which  the  sea  is  viewed),  the  polarization,  the  frequency,  and  the  con¬ 
dition  of  the  sea  surface.  Goldstein,  who  was  perhaps  the  first  to  study  the 
phenomenon  systematically  in  a  Quantitative  way,  has  given  a  thorough  dis¬ 
cussion  of  the  results  of  these  investigations  £UlU  Tn  order  to  describe 
the  back-scattering  properties  of  the  surface  quantitatively,  Goldstein  t5J 
introduced  a  dimensionless  quantity  <r°  ,  the  back-scattering  cross  section 
per  unit  area  of  the  sea.  from  measurements  of  this  quantity,  he  found  the 
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following  characteristics! 

(1)  There  is  a  "critical  angle"  below  which  decreases  rapidly  with 
decreasing  angle,  and  above  which  it  rises  much  more  slowly*  or  remains 
constant.  Furthermore,  the  critical  angle  decreases  with  increasing  fre¬ 
quency,, 

(2)  There  is  a  pronounced  polarization  dependence  of  in 

turn,  depends  on  the  roughness  of  the  sea0  In  calm  seas,  horizontal  polaris¬ 
ation  gives  much  less  clutter  than  vertical  polarization,  but  the  difference 
between  the  two  polarizations  substantially  disappears  in  rough  seas,  or  may 
even  reverse  somewhat „ 

(3)  The  frequency  dependence  of  <?  varies  between  about  X  in  calm 
seas  to  about  X°  in  rough  seaso 

(U)  At  times,  the  area-extensive  characteristic  of  sea  clutter  breaks 
down.  On  a  radar  with  a  pulse  short  enough  to  resolve  individual  waves, 
the  scattering  appears  to  be  concentrated  in  the  vicinity  of  the  wave  tops0 
This  give 8  an  A  -scope  presentation  of  the  clutter  a  "spiky1’  appearance 0 

Goldstein  was  unable  to  find  a  satisfactory  theory  to  explain  all  the 
above  characteristics a  The  polarization  dependence  could  be  explained  very 
well  by  a  surface  reflection  phenomenon,  which  led  to  the  supposition  that 
water  droplets  thrown  up  from  the  surface  were  the  basic  scattering  elements . 
However,  this  led  to  violent  disagreement  with  the  freauency  dependence o 

Katein  [63  showed  that  a  reflection  interference  phenomenon,  such  as 
had  been  found  to  be  important  in  the  case  of  surface  targets,  also  is  im¬ 
portant  in  the  sea  clutter  phenomenons  This  reflection  phenomenon  explains 
the  critical  angle,  the  polarization  dependence,  and  the  change  in  fre¬ 
quency  dependence  with  sea  roughness «  It  also  explains  the  "spiky"  appear- 
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ance  of  clutter  on  an  A  -scope  at  very  small  depression  angles?, 

From  the  existence  of  the  reflection  phenomenon  and  the  observed  fre¬ 
quency  dependence,  Katzin  suggested  the  basic  scattering  as  being  due  to  the 
small  facets  which  overlie  the  main  large-scale  wave  pattern,  or  swell*  He 
developed  the  theory  of  this  mechanism  and  found  that  the  facets  which  back 
scatter  most  effectively  at  small  depression  angles  are  those  whose  dimen¬ 
sions  are  of  the  order  of  the  wavelength*  He  also  deduced  that  the  frequency 
dependence  of  <T°  at  small  depression  angles  is  determined  by  the  size  dis¬ 
tribution  of  the  facets.  Furthermore,  if  the  size  and  slope  distributions 

O 

of  the  facets  are  independent,  then,  below  a  high-frequency  limit#  er 
should  have  essentially  the  same  frequency  dependence  at  low  and  high  angles. 
The  high- angle  variation  was  found  to  be  determined  mainly  by  the  slope  dis¬ 
tribution  of  the  facets o  Making  use  of  slope  distributions  determined  from 
optical  measurements,  <T°  was  found  to  be  approximately  proportional  to  wind 
speed  at  small  depression  angles,  bur  inversely  proportional  to  wind 
speed  at  vertical  incidence.  From  measured  values  of  C-*  3  it  appeared  that 
the  facet  mechanism  could  account  for  scattering  by  the  entire  surface  cf  the 
sea. 

A  discussion  of  the  physical  principles  underlying  these  results  should 
be  instructive,  since  these  principles  probably  apply  ir.  the  ground  clutter 
problem  as  well,  at  least  in  certain  situations.  The  separate  phenomena 
involved  are  (l)  interference  between  direct  and  surface- re  fleeted  waves 
which  affects  the  illumination  of  the  scattering  elements,  (2)  the  scattering 
properties  of  flat  disks  as  a  function  of  angle.  In  each  of  these,  the  polar¬ 
ization  of  the  illumination  affects  the  type  of  result  obtained. 
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201  Reflection  Interference  Phenomenon. 

The  reflection  coefficient  of  a  plane  wave  at  a  plane  boundary  de- 
.  pends  on  the  elevation  angle  and  polarization  of  the  wave,  and  on  the  eleetri- 
cal  properties  of  the  medium  below  the  boundary.  The  reflection  coefficient 
far  an  arbitrarily  polarized  wave  can  be  deduced  from  the  properties  for  the 
two  cases  of  vertical  polarization  (magnetic  vector  parallel  to  the  boundary) 
and  horizontal  polarization  (electric  vector  parallel  to  the  boundary) 0  For 
these  two  cases,  the  reflection  coefficients  are  given  by  the  well-known 


Fresnel  relations 


= 


~  (V-  (UrJ-e)  *  a 


(2,1) 


Ph 


“  &■  -h(€f  — 


(2o2) 


in  which 


&  -  elevation  angle  of  incident  wave  at  boundary 

€.  ^complex  dielectric  constant  of  the  second  medium 
~6t~ 

^-specific  electric  inductive  capacity 

C _ 21. 

*=Z.-  CO  6.0 

(T  —  conductivity 

^“dielectric  constant  of  ftee  space » 

The  combination  of  the  direct  and  reflected  waves  in  the  space  «bove 
the  boundary  gives  rise  to  an  interference  pattern.  In  t.~e  ca3e  of  vertical 
polarization,  where  the  magnetic  field  is  wholly  parallel  to  the  bouv.d  ary .  the 
interference  pattern  for  the  magnetic  field  is  given  by  tl  v  factor 


fv* 
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(2,3) 


whore  W  is  the  ij 

with  fired.  &  i  |H|e:lght  above  the  boundary  0  From  this  it  can  be  seen  that,, 
field  rtrengti  jJid  continuous  increase  of  height  H  ,  the  resultant  magnetic 

phase  will  pass  through  alternate  raaximums  and  mtnimums  when  the 

5f  the  reflected  wave  is  an  even  or  odd  multiple,  respeetively9  of 
The  height  interval  between  an  adjacent  maximum  and  minimum  is 

*  »  *  (2J0 
The  electric  veooor,  in  the  case  of  vertical  polarization,  has  compon* 
ents  both  parallel  and  normal  to  the  boundary 0  The  normal  (vertical)  com= 
ponent  has  the  same  interference  pattern  as  that  of  the  magnetic  vector s 
given  above®  The  parallel  (horizontal,  or  longitudinal)  component,  on  the 
other  hand,  has  for  its  interference  pattern  the  factor 

t>  <?_  A  -  i+  R  u  A  (2„J>) 

Thus  maxiimims  and  minimuma  of  this  pattern,  for  fixed  9  will  occur  at  the 
heights  of  miniraums  and  maxiimims,  respectively,  of  the  magnetic  field  pat¬ 
tern  given  by  (2«3)»  Consequently  the  resultant  electric  vector  will  be 
elliptic -illy  polarised,  in  general,  for  ?n  incidert  vertically  polarized 
va’iSo  The  plane  of  the  polarization  ellipse,  furthermore.-,  lies  in  the  plane 
?S.  incidence o 

Tar  a  horizontaliy-pclarized  incident  wave,  the  role s  of  the  electric 
and  maj-ietl'*  vectors  ire  interchanged.,  The  electric  vector  then  is  parallel 
to  the  boundary,  so  that  its  Interference  pattern  is  given  by  the  factor 


■  -1-  7T  <9 

«■  *  =  1  +  Rue. 


i(4TT-Z^ 


h  (>HC-  "  =]  +  KHK  -  '  •  -  (2o6) 

Thie  interference  pattern  Is  sane  ae  that  of  (2®3)  above,  except  that 

and  ’f'n  replace  Rv  and  VV  «  Because  of  the  difference  between  'f'H  and 
,  the  location  of  a  given  maximum  or  minimum  is  different  for  the  two 
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polarizations o 

The  resultant  magnetic  vector  for  an  incident  horizontally-polarized 
wave  will  be  elliptically  polarized  in  the  plane  of  incidence e  This  be¬ 
havior  is  analogous  to  that  of  the  resultant  electric  vector  in  the  case  of 
an  incident  vertically-polarized  wave*  as  discussed  above  and  f cumulated  in 

(2  ojJ)  o 

The  succession  of  maximums  and  rdniiraims  of  the  resultant  field  described 
above  gives  rise  to  the  familiar  lobe  structure  in  the  coverage  of  a  radar 0 
We  are  especially  interested  hare  in  the  behavior  below  the  first  lobe,  or 
first  maxirraimc  In  this  case  the  angle  &  will  be  small.  In  practice,  so  that 
an  expansion  of  F  to  the  first  power  in  sin  ft  may  be  usedo  The  reflection 
coefficients  (2*1)  and  (2«2)  then  may  be  written  as 

(2-2*) 

providing  the  second  terms  on  the  right  are  small  compare  I  to  unity..  Sim¬ 
ilarly,  the  exponential  phase  factor  may  be  appro* imr tod 
p  ~  tj~  JL  ^  ^  j  m  f  r  ^  4*^.  jj.  ^ 

providing  the  exponent  is  small  compared  ;o  unity*  T.idt,  we  obtain 


Pc-2.  [b/(c/~/)  y  j 

(2o7) 

Fh  So  2  [(€  ~  0  ^  F  j.  47T  y-J 

(2,8) 

Thus,  for  sufficiently  small  fr  t  both  F y  and  F#  are  proportional  to 
sin  t?  a 

The  transition  to  (2*?)  in  the  case  of  ver  tical  polarization,  and  to 
(2o8)  in  the  case  of  horizontal  polarization,  does  not  take  place  at  the  same 
value  of  &  Q  If  the  criterion  for  the  validity  of  (211a)  or  (202a)  is  that 
the  absolute  value  of  the  second  term  be  equal  to  d-  (where  a,  «/ ),  then 
the  corresponding  values  of  &•  ,  denoted  by  and  s  respectively,  are 
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Thus 


~  lift/ 

~<Usr~>  &-H  s  '-~-|4“/l  * 


=)£.  I  s<ul+yj 


(2o9) 


For  sea  water  in  the  microwave  region,  W\  s&  70  *  Consequently  the  transit 
tion  to  (2o7),  for  vertical  polarization,  takes  place  at  a  much  smaller  ele¬ 
vation  angle  than  the  transition  to  (208),  for  horizontal.  polarization0  This 
fact  is  important  in  determining  the  polarization  characteristics  of  sea 
clutter*  for  examples 

,  ,y 

Very  close  to  ths  surfaoa,  where  the  term  771  ~r  is  small  in 
magnitude  compared  with  the  other  term  in  the  brackets  in  (208),  (2o7)  and 


(2o3)  become,  respectively. 


Fv  2.  6  ((z  —  I )  S- 

Ftl  Si s.  2j[Gi~l)  ^  -a***'  &■ 


so  that 


(2ol0) 

(2oll) 


fy/F*  2»  e/.  <2-*2> 

Thus,  for  sufficiently  snail  angles  and  heights,  tlie  re  silt  ant  transverse 
electric  field  strength  is  larger  for  an  incident  vru-ti?*  lly-polarlzed  wave 
than  for  an  incident  horizontally-polarized  wa-na,,  Fur 'iier more ,  ths  tran¬ 
sition  from  (20?)  to  (2«10)  should  take  place  at  *  higher  height  than  th® 
transition  from  (208)  to  (2.11) 0  In  fact,  the  transition  heights  should  be 
roughly  in  the  ratio  /  j  *  Actually  the  shape  of  the  cur  ve  of  F  versus 


H  is  different  for  the  two  polarizations  because  £  is  a  complex  quantity,, 
On  the  other  hand,  for  heights  such  that  the  term  ±  477'  is  much 
larger  than  the  first  term  in  the  brackets  in  (20°)  (and  therefore  also  in 
(208)),  (2o7)  and  (2„8)  reduce  to  the  common  relation 
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\ 


B  V  -  -  f  y 


so  that  then 


(203) 


F'v  jf $  !  \  (2<»lU) 

It  should  be  recalled  that  all  the  above  relatl Jm;.  were  derived  on  the  assump¬ 
tion  that  4rr  is  small  compared  to  ydiity, 

) 

It  may  be  helpful  to  consider  the  magnitudes  of  rViovsnt  Quantities  in 
the  microwave  regiono  Then  | &'(€  ~0  ^li£  around  8,  and  f<r  -/ [  ^  is  around 
l/8o  Hence  in  (2,7)  the  second  and  first  terms  in  brackets  have  about  the 
same  magnitude  when  Ji-X0»6  ,  while  in  2,8)  this  equality  takes  place 
at  ~ti~mo*ol  o  Consequently,  F  will  be  .^iven  by  (2,13)  for  almost  all 
cases  for  horizontal  polarization,  and  also  i or  verticil  polarization  for 


valves  of 


greater  than  about  3o 


The  implications  of  the  above  properties  to  the  skitter  problem  will 
be  discussed  below, 

2,2  Experimental  Test  of  Reflection  Inl  i  f  qr u  c. ) 

As  a  preliminary  to  discussing  the  ap  Uc  -,i  >  ■.  to  sea  clutter  of 
the  reflection  interference  phenomena  discussei  -c  >>,  t  shall  consider  the 
behavior  of  a  radar  target  which  extends  up  frrv  h  '.it lace  to  a  height  H  , 
say.  If  this  height  is  large  relative  to  ?-/( 4  < iee  (2„U)),  then 

the  target  will  cover  mere  than  one  lobs  ci  the  *  '•  (  c v  patten;,  so  that 
the  target  will  effectively  integrate  out  the  f:  *.  I  •  •  ,  t  ion  over  the  lobes. 
This  actually  produces  a  net  increase  of  gain  cv?  •>*  rrident  field  acting 
alone,  the  gain  being  due  to  the  field  reflected  ,,  surface.  As  the 
range  of  the  target  is  varied  (with  fixed  antenn.  >  i  •  ,r  ?et  heights),  the 
depression  angle  &  will  vary,  so  that  the  lobe  ;  ,c  r--  will  shift  along 
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the  targets  Due  to  the  integrating  effect  just  nan: ion  t.^howaver,  the 
average  ratio  of  back-scattered  to  incident  field  will  remain  substantially 
the  sameQ  Thus,  the  variation  of  received  echo  power  with  range  will  be 
the  same  as  in  free  space,  i0eoS 

where  R  is  the  range  •> 

However,  if  the  :cp  of  the  target  lies  below  the  first  lobe  of  the  in¬ 
terference  pattern,  t’en  the  resultant  field  at  tne  target  will  decrease 
monotonically  from  che  top  to  the  surface .  This  is  the  region  where  the  in¬ 
terference  pattern  is  given  by  (2„7)  and  (2.8),  in  which  the  factors  F/ 
ard  Ftf  are  proportional  to  sin  &  0  Since  the  dap.’ees'.cr.  angle  of  the 
image  of  the  top  of  the  target  is  given  by 

,  -  (2.35) 

where  ft/  is  the  height  of  the  radar,  an  increase  of  ft  will  result  in  a 

decrease  of  sin  &■  ,  and  hence  a  corresponding  decrease  of  F  .  Since  these 

factors  apply  to  the  resultant  incident  field  atrjn;,th  nt  the  target,  the 

c  a 

echo  field  strength  involves  r  ,  so  that  the  received  rrwar  density  is 
proportional  to  F*~ *  Thun,  in  this  region  of  oe  v'oss:..:r  angle 


PRocft~+F*ocR~6  . 


(2ol6) 


Fig*  2-1  shows  the  results  that  would  be  expected  on  the  basis  of  the 

reflection  interference  phenomenon  for  a  surface  target-.  Fetveen  the  R^* 
n-8> 

and  K  regions,  which  may  be  called  the  near  and  fa*  zzr.es>  respectively. 


a  smooth  transition  occurs,.  If  the  transition  range,-  Rt:  ,  is  defined  as 
the  intersection  of  the  R  and  ft  lines,  then  it  is  found  that  for  a 


su-free  target  of  uniform  cross  section  over  a  plane  surface  of  reflection 
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coefficient  -1,  with  a  radar  height  H» 

o  -  H<  l+  .  . 

^  ”  O.tlSX  (2r.ll) 

For  a  g:'  van  target,  then,  the  transition  range  will  be  directly  proi>ortlonal 

to  frequency  and  to  the  radar  height  ti/  0 

Figo  2-2  shows  experimental  results  obtained  on  a  surface  vessel  as 

radar  target,,  The  good  agreement  between  the  theoretically  predicted  type 

of  variation  in  Figo  2-1  is  evidento  The  more  r  apt c  hv:rnasa  with  range  of 

the  points  at  the  extreme  right  of  the  plot-  in  Fig-  •;~2  :'.o  duo  to  the  earth's 

curvature,  which  was  neglected  in  the  calculations  for  51  '.g  10 

If  the  target  is  very  wide,  so  that  it  completely  f  Ills  ihe  rad,-.r  beam 

in  its  azimuthal  extent,  then  the  effective  width  of'  tne  target  is  n  $  , 

where  £  is  the  aaimuthal  beamwidtho  This  is  Lhe  cc.ss  when  the  "target"  is 

_  —  "f-  c, 

the  sea  surfaceo  Hence,  instead  of  R  and  o'  -eo*  ’doncies  in  Ihe  two 

-3  —  ? 

regions  discussed  above,  R  and  R  dependencier.*  r.  innctlvely ,  would  be 
obtained,, 

Precisely  thi3  type  of  behavior  was  found  ii:  roue  our.y  sea  did  ter 
meaBuremant8  on  ai-  borne  radar,  using  horizontal  po  ari,  ,:'.ou  Fig.  >~3 
shows  an  example  o_  thiso  This  type  of  result,  ther  ?"cr Is  strongly  sug¬ 
gestive  of  a  reflection  interference  mechanism  opcr-ilrg  ui  ihe  sea  clutter 
phenomenon0 

In  order  to  submit  this  suggestion  to  a  critical  twt  cL.mtit.iMve 
measurements  of  received  sea  clutter  power  were  nadr  for  i  wide  range  of 
radar  heights  and  frequencies 0  According  to  (2,37),-  if  b;  surement.;  are 
made  under  the  same  sc.-  conditions,  the  values  of  rrreiv.d  clutter  power  at 
various  altitudes,  on  a  give  fren-oncy,  should  give  a  f-.:i.ly  of  curves  such 
as  shown  in  Fig0  2-1;  c  These  curves  should  join  togotto*  moochly  into  a 
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single  curve  if  the  various  bra  >  l.c~  o.L  1?lg  .  j.h  ra  "slid"  along  the  /?~3 
line  until  their  transition  ranges  coincide®  This  i;j  fttcined  by  using  cs 
abscissa  the  quantity  log  (&/ s  and  as  ordinate,  log  Further¬ 

more,  if  O’0  is  independent  of  freouency,  then  the  graphs  on  the  several 
frequencies,  after  normalization  to  constant  bearawidth,  should  match  when 
superimposed;  any  adjustment  vertically  (without  shift  of  abscissa)  re~ 
quired  to  produce  a  match  is  then  due  to  the  variation  of  with  frequency 

Fig®  2—b  shows  the  result  of  such  a  superposition  of  the  results  far 
three  wavelengths  (3.2,  9.1,  and  2U  cm)  and  for  six  altitudes  from  200  to 
10,000  feeto  This  is  a  composite  plot  of  17  different  runs,.  The  agreement, 
with  the  type  of  behavior  expected  on  the  basis  of  the  reflection  mechanism 
is  striking,  especially  in  view  of  the  fact  that  some  wind  speed  variations 
occurred  during  the  time  required  to  make  the  measurements  (approximately 
2-a  hours).  This  agreement  lends  strong  support  to  the  reflection  mechanism. 

From  the  measurements,  one  can  use  (2.17)  to  deduce  thee  ff active  target 
height  H  from  the  observed  transition  ranges.  When  this  i3  done,  it  is 
found  that  H  is  much  less  than  the  measured  wave  heighto  This  indicates 
that  the  reflection  takes  place  somewhere  between  the  troughs  and  crests 
of  the  sea  waves. 

The  measurements  discussed  above  were  made  with  horizontally  polarized 
waves.  A  comparable  set  of  measurements  was  not  made  with  vertically  polar¬ 
ized  waves o  One  would  expect,  on  the  basis  of  the  interference  pattern 
characteristics  discussed  in  Sec„  2,1,  that  the  transition  range  for  vertical 
polarization  would  be  reach  larger  than  for  horizontal  polarization.  In 
fact,  it  follows  from  (2,9)  and  (2.1$)  that,  aside  from  any  possible  effects 
of  the  earth's  curvature,  the  transition r anges  should  be  in  the  ratio  \&'\  o 


Furthermore,  if  the  relations  are  such  that  (2.10)  and  (2,>12)  apply  (i.e. 


the  range  is  greater  than  the  transition  range  for-  vertical  polarization, 
and  4<| then  in  virtue  of  (2.12) 

A  —0 


(tyv/fPf)#  oC  jfc 


'H-  £V 


(2.18) 


On  the  other  hand,  if  +TTf  >  *  then,  in  virtue  of  (2  .lit) 

(Pr,Jy/(Pr.)h  aC'  (2.1?) 

For  the  sea  clutter  problem,  'ri  is  to  b  e  identified  with  the  sea  wave 
height.  Consequently,  the  observed  polarization  ratio  should  depend  on 

ht 

sea  roughness,  decreasing  in  rough  seas.  Since  t  appears  in  the  ratio  ^  , 

a  given  sea  is  effectively  rougher  at  higher  frequencies. 

jy  ft  f  /" 

The  intermediate  condition,  where  |  e/Ce'-i) Zj  >>  ^ 
is  quite  likely  to  occur,  in  which  case 


(2.20) 


Under  these  conditions  the  frequency  dependence  of  the  ratio  (Pr)v/(  Pr)h  18 

affected  by  the  factor  -it-  in  the  denominator ,, 

A 

pvC31  the  above  discussion,  it  follows  that  the  depavjder.ee  of  the  appar¬ 
ent  value  of  cr°  on  polarization  is  a  function  or  the  roughness..  The 
ratio  of  normalized  clutter  powc’-  with  vertical  polarization  to  that  with 
horizontal  polarization  should  be  greater  for  calm  ccup  then  for  rough  seas, 
and  sea  roughness  should  affect  the  frequency  dependence.  This  is  precisely 


What  Goldstein  found  from  his  measurements. 

It  is  easy  to  see  from  (2.13) that  for  sufficiently  snail  depression  angles 
the  received  clutter  power  is  proportional  to  Hence,  Isolated  prominent 

wave  crests  should  give  much  stronger  echoes  than  the  surrounding  sea.  Con¬ 
sequently,  at  very  small  depression  angles  the  uniformly  noise-like  structure 


of  the  sea  echo  shotild  break  up  into  discrete  groups ,  This  provides  an 
explanation  for  the  so-called  ""spiky"  clutter  which  has  been  observed  on 
pulse  radars  whose  pulse  lengths  are  not  short  enough  to  resolve  the  waveB  £63, 
Thus  it  is  seen  that  the  reflection  interference  mechanism  explains  many 
of  the  perplexing  properties  of  sea  clutter;  namely,  the  "critical  angle" 

(which  corresponds  to  the  transition  range),  the  polarization  properties, 
the  change  in  frequency  dependence  with  sea  roughness  (or  -£[-  ),  and  the 

spiky  appearance  of  sea  clutter  on  an  A  -scope  at  very  small  depression 
angles. 


2,3  Fundamental  Scattering  Mechanism. 

From  the  reflection  mechanism  discussed  earlier-  many  of  the  pre¬ 
viously  reported  characteristics  of  sea  clutter  have  been  shown  to  be  ex¬ 
plainable  o  Hereafter,  it  will  be  assumed  that  the  effects  of  the  reflection 

O 

mechanism  have  been  taken  into  account  in  deducing  the  value  cf  <T  from 
the  measured  value  of  rg  ,  so  that  O'  refers  to  the  basic  scattering 
properties  of  the  surface.  Then  the  experimental  data  snow  that  <T°  is  a 
slowly-varying  function  of  frequency 

The  plot  of  the  measurements  in  Fig,  2-$  was  desigr.ei  verify  the  sus¬ 
pected  reflection  interference  phenomenon.  It  also  has  other  implications. 

The  range  cf  depression  angles  spanned  in  the  plot  is  from  less  than  1°  to 
over  15°-  Hence  for  horizontal  polarization  must  be  substantially  con¬ 
stant  over  this  range  of  angles, 

When  the  measurements  were  evaluated  In  terms  of  the  calibration  con- 
St  ants  measured  for  the  equipment,  it  was  ftmnd  that  c  in  the  above  angular 

■ft. 

In  fact,  this  usually  is  not  done  in  presenting  experimental  data,  so  that 
the  data  usually  have  to  be  interpreted  in  t  eras  of  the  presence  of  the  re¬ 
flection-interference  mechanism. 
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range  was  about  10“k  («l|0  db)  or  loss  for  X  -  10  cm,  depending  somewhat  on 
the.  roughness  of  the  sea  surfacee  This  means  that  1  square  meter  of  sea 
surface  scattered  back  10“^  or  less  of  the  power  incident  on  it-  Since  sea 
water  is  a  good  reflector*  tills  implies  that  the  scattering  elements  must 
be  very  directive,  presumably  scattering  most  strongly  in  the  forward  dir¬ 
ection,  and  very  little  back  toward  the  radar o  Since  a  flat  plate  is  the 
most  directive  surface  known  for  plane  waves,  this  led  to  the  investigation 
of  the  scattering  properties  of  an  array  of  flat  plates,  or  facets,  as  the 
basic  scattering  elements  of  the  sea  surface «  The  basic  physical  principles 
of  the  scattering  process  will  be  traced  here,  since  these  principles  are 
likely  to  be  important  in  the  ground  clutter  problem  as  wcllo 

2«3ol  Spatterinr  Dy  Flat  Plates* 

(a)  Scattering  at  Small  depression  AnplesP 

For  a  flat  plate  which  is  large  relative  to  \  ,  the 
maximum  back  scattering  occurs  when  the  plate  is  parallel  to  the  incident 
wave  front,  since  then  all  elements  ol'  the  plate  are  excited  in  phase  and  re¬ 
radiate  in  phase,,  Denoting  the  araa  of  th»  plate  by  A  ,  the  gain  of  the 

/) 

plate  as  a  re-radiator  13  -4  TV  -ra.  ,  so  that  the  b ac  t -scattered  power  is 

A* 

proportional  to  4-  7T  „  To  fix  the  discussion,  assume  that  the  plate 
is  rectangular,  lies  in  a  vertical  plane,  and  that  l;he  incident  wave  normal 
is  horizontal  (see  Fig0  2-6) »  If  the  plate  is  than  tilted  about  a  horizontal 
axis  perpendicular  to  the  wave  normal,  say  by  an  angle  which  is  greater 
than  the  half-width  of  the  main  scattering  lobe,  a  progressive  phase  lag 
between  the  farther  and  nearer  elements  of  the  plats  >d.ll  be  introduced o 
If  we  divide  the  plate  into  small  strips  in  pairs,  where  the  two  strips  of 
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U — 4*f*J 
FIG.  2-6 

Illustrating  relations  for  flat  plates  at  various  orientations 

to  the  wave  norml 
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a  pair  are  separated  along  the  wave  normal  by  ,  then  Lae  round-trip  dif¬ 
ference  in  distance  will  be  A/2  5  so  that  the  fields  from  the  two  strips  of 
a  pair  will  cancel  in  the  backward  direction*  Hence  the  part  of  the  plate 
which  has  a  projection  n  A  /z  along  the  wave  normrl  (ft  an  integer)  will  pro¬ 
duce  no  field  in  the  backward  direction,  since  all  of  lids  part  may  be  di¬ 
vided  up  into  pairs  of  strips  separated  by  A/d- »  It  follows  that  the  field 
in  the  backward  direction  is  equal  to  that  produced  by  just  the  end  piece 
whose  projection  is  smaller  than  X/2.  „  Furthermore,  the  contribution  of 
this  piece  will  be  maximum  when  its  projection  equals  /-f  0  Hence,  for  an 
inclined  plate  whose  projection  along  the  wave  normal  is  greater  than  A/<2-  , 
the  maximum  back-scattered  field  is  independent  of  the  length  of  the  plate „ 
Since  the  total  field  intercepted  by  the  plate  is  proportional  to 
It  follows  that  for  inclined  plates  the  maximum  back  scattering  varies  as 
flw  and  thus  increases  as  the  angle  between  the  plane  of  the  plate  and  the 
wave  normal  is  increased* 

Similarly,  if  the  inclined  plate  is  given  an  additional  tilt  at  right 
angles  to  the  tilt  just  discussed  (i.e*,  in  the  <p  -direction)  by  an  amount 
greater  than  the  half -width  of  the  main  lobe,  so  thst  tie  width  elements  are 
no  longer  excited  in  phase,  the  maximum  back  scattering  turn  also  becomes 
independent  of  the  width,  and  hence  completely  incepandsn':  of  the  size  of  the 
plates 

If  we  consider  the  application  of  these  princip3.es  to  the  scattering  at 
small  depression  angles  by  the  facets  of  the  sea  surface,  it  becomes  evident 
that,  for  those  plates  which  are  large  relative  tc  the  ^length,  the  im¬ 


portant  back  scattering  will  come  from  the  front  part,  or  heads,  of  the  wave 
crests,  where  the  slopes  are  steepest  and  face  the  radar o  Quantitatively, 


the  dependence  of  the  back-scattering  (radar)  area  cr  on  plate  area  A  , 
for  large  plates,  is  as  follows: 

(a)  normal  incidence:  CToC  Az/frz 


*  6  A*/} " 

For  an  ensemble  of  plates  with  a  given  &  -tilt  and  various  cp  -tilts,  the 
average  value,  cr  ,  of  <r  is  intermediate  to  (b)  and  iv.)  above,  or  ' 

O'*  c~/A  oC  (A  /K)  /  - 

The  quantity  ~a~/A  is  the  important  one  for  assessing  relative  contri* 

_  o 

buttons  to  <T  ,  since  the  number  of  plates  of  a  given  size  which  can  be  ac¬ 
commodated  in  a  unit  area  of  surface  is  inversely  prone rtionai  to  the  plate 
area0 

For  circular  5,  the  symmetry  of  the  situation  allows  the  inclination 

of  the  plate  to  be  measured  by  the  single  angle  €~  between  the  wave  normal 
and  plate  normal.  Then  it  is  found  that 

<TcC  ^  A  o~M  >c  Cfi/t\z)c 

Thie  is  intermediate  to  (b)  and  (c)  above,  and  is  the  srt:;  as  the  average  of 
an  ensemble  of  rectangular  plates  distributed  ever  ru igo  of  <f  -angles,, 

From  this  relation  it  is  evident  that  for  "large11  plate  s ,  the  larger  the  plate 

7 

the  smaller  is  its  average  contribution  to  cT  „ 

For  plates  which  are  small  relative  to  A  ,  on  the  ether  hand,  the  scat¬ 
tering  iB  not  strongly  dependent  on  angle,  and  is  prooc rtlonal  to  D*/h*) 
so  that 

<r*c  fi3/ A4.,  a-/A*e(A/\zY~ 

Thus,  for  "small"  plates,  the  contribution  to  t°  it.,  :Urg?r  the  larger  the  plate. 
From  the  relations  for  "large"  and  "small"  plates  given  above,  it  is 

2 U 


(b)  6  -tilt: 

(c)  0  -tilt  and  f  -tilt: 


<ToC  A, 
cr oC  A2; 


■r/fi 


apparent  that  there  must  be  some  intermediate  range  of  a  U'.te  sine  (measured 
in  terms  of  X2,  )  which  is  most  effective  for  small-angle  back  scattering a 
Since  the  quantitative  relations  in  this  intermediate  range  are  not  available 
in  easily  calculable  form,  the  "small"  and  "large"  size  relations  may  be  ex¬ 
trapolated  into  the  intermediate  region  until  they  meet  to  obtain  an  approxi¬ 
mate  behavior  o 

For  facets  which  are  circular  disks,  the  resulting  behavior  as  a  function 
of  plate  size  for  several  values  of  facet  tilt  are  shown  in  Fig*  2-7  *  From 
this  it  is  found  that  the  optimum  diameter,  D}  s  is  about,  *  /ztt»  or  the 
perimeter  is  about  a  half-wavelengtho  In  effect,  then,,  the  operating  fre¬ 
quency  focuses  attention  on  the  facets  whose  dimensions  are  of  the  order  of 

the  wavelength  (  2W0/xa;/  )*  From  this,  one  viould  expect  that  the  fre- 

0 

quency  dependence  of  <T  would  be  linked  to  the  size  .distribution  of  the 
facets*  This  is  borne  out  by  a  quantitative  analysis* 

It  is  instructive  to  make  calculations  for  a  hypotr.3  ,ieal  sea  surface  in 
which  all  the  facets  are  the  optimum  size  »  If  V  is  the  number  of  facets, 
of  diameter  D,  „  par  unit  area  of  sea,  and  if  their  relative  phases  vary 
randomly,  then  c r'^Nofa  For  &  =*  30°,  we  find  D,  -  1*171,  5js2o62"10~3^‘-> 
so  that  a°«  2062<>lQ“3N/t*  Hence  to  produce  a  value  of  10"^  for  O'" 
would  reauire  OoOSS/x2,  facets  of  optimum  else  per  unit  urea  cf  sea*  Since 
there  can  be  at  most  only  about  l/D^s.  3Uo2/^z  facets  per  unit  area,  it 
is  evident  that  the  postulated  mechanism  requires  0*03,0 3a  .2  or  only  about 
10~3  of  the  maximum  value  for  the  back  scattering-  This  allows  for  sizes  de¬ 
parting  considerably  from  the  optimum  value?. 

Actually,  of  course,  not  all  of  the  facets  are  of  the  same  size  or  slope, 
so  that  a  distribution  of  sizes  and  slopes  needs  to  be  considered*  Since,  as 
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pointed  out  above,  the  operating  frequency  enhances  the  facets  whose  perimeter 
is  about  a  half-wavelength,  it  is  readily  seen  that  the  functional  form  of  the 
siae  distribution  determines  tho  frequency  dependence  of  <T° s  and  vice  versa. 
If,  for  example,  <J~°  o 0  X"1  ,  then  the  average  number,  N  ,  of  facets  of 
area  A  ,  per  unit  area  of  sea  surface,  is  found  to  be  given  by 
In  general,  if 


then 


«  .  -  n. 

CToC/l  j 


N  oC  A 


(b)  Scattering  at  Large  Depression  Angles,, 

The  facet  mechanism  allows  the  Qualitative  and  auantita~ 

O 

tive  variation  of  dT  at  large  angles  to  be  deduced  quite  readily  £6,7] «  At 
high  angles  some  of  the  facets  are  viewed  broadside,  so  that  these  give  a  pre¬ 
ponderant  echo,  which  will  be  proportionately  stronger  the  larger  the  facet,. 

The  back-scattering  area  of  a  large  flat  plate  at  normal  incidence  is  +7T/1  */  A2- , 
Where  A  is  the  area  of  the  plate o  Of  this,  A  represents  the  power  inter¬ 
cepted  by  the  facet,  and  ^TPA/X  its  gaino  This  indicates  that  large  plates 
are  proportionately  more  important  back  scatterers  at  normal  incidence o  How¬ 
ever,  the  solid  angle  of  the  back-scattering  pattern  is  proportional  to  7\  / A  « 
Hence,  far  a  distribution  of  facet  slopes  the  overlapping  of  the  patterns  of 
facets  having  slopes  differing  by  a  given  amount  will  be  less  the  larger  the 
face to  For  a  bivariate  slope  distribution,  the  extra  gain  of  a  large  facet 
thus  is  just  counter-balanced  by  the  reduction  in  overlapping  of  facet  pat¬ 
terns,  due  to  the  narrower  pattern  width,  so  that  the  total  back-scattered 
power  in  the  main  lobe  of  the  pattern  is  about  equal  to  the  power  intercepted 
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by  the  f  aceto  The  variation  of  cr°  with  angle  then  will  be  similar  to  the 
slope  distribution,  and  will  differ  from  the  slope  distribution  only  by  the 
broadening  due  to  facets  of  intermediate  size  (measured  in  units  of  X  )  which 
have  relatively  wide  patterns 0  Consequently,  information  on  slope  distribu¬ 
tion  should  provide  a  means  of  determining  <T°  for  large  depression  angles, 
especially  near  vertical  incidence „ 

Measurements  of  slope  distribution  of  the  facets  of  the  sea  surface  have 
been  made  by  optical  methods 0  These  show  that  the  distribution  is  approxi¬ 
mately  Gaussian,  but  is  more  peeked,  and  is  skewed  in  the  upwind^downwind 
direction,.  Fig a  2-8  shows  the  upwind-downwind  distribution,  and  Figo  2-9 
the  crosswind  distribution,  for  wind  speeds  of  10  and  20  knots.  The  ordinate 
in  these  figures  is  the  probability  density  of  facet  slope.  It  is  interesting 
to  note  that  the  distribution  curve  becomes  broader  and  of  lower  peak  ampli¬ 
tude  as  the  wind  speed  increases.  Since,  as  pointed  out  above,  the  variation 
of  <T°  with  angle  is  similar  to  the  slope  distribution,  these  curves  also 
indicate  the  general  way  in  which  <T°  varies  in  the  neighborhood  of  vertical 
incidence o  Therefore,  higher  wind  speeds  result  in  smaller  values  of  6~°  at 
vertical  incidence  and  a  flatter  angular  variation 

The  theory  of  back  scattering  by  facets  outlined  above  thus  yields  the 
following  characteristics i  The  facets  which  back-scatter  most  effectively 
at  small  depression  angles  are  those  Whose  perimeter  is  about  a  half-wave— 
length.  The  frequency  dependence  of  <T°  is  linked  with  the  size  distribution 
of  the  facets.  The  variation  of  <r9  in  the  neighborhood  of  vortical  incidence 
is  determined  mainly  by  the  slope  distribution  of  the  facets,  becoming  flatter 
with  increasing  wind  speedo  At  small  depiestio  i  *  rules  cr°  increases  with 
wind  speed,  itoile  at  vertical  incidence  it  decreases  with  wind  speed,, 


Fig.  2-9  Crosswind  facet  slope  distri¬ 
butions  ss  determined  by 
optical  measurements. 


These  characteristics  agrve  quite  well  with  the  rather  limited  measure- 
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mente  which  have  been  made  over  a  wide  range  of  depression  ancles «,  This 
agreement  lends  encouragement  to  an  application  of  the  same  physical  prin¬ 
ciples  to  the  ground  clutter  problem.  This  will  be  taken  up  in  Soc«  3  of 
this  report o 

20lt  Recent  Polarization  Data. 

In  a  recent  preliminary  report  £21,  Spetner  and  Kata  drew  attention 
to  two  sets  of  data  which  seemed  to  them  to  refute  the  reflection  interference 
explanation  of  the  polarization  dependence  of  sea  clutter  at  small  depression 
angleso  The  results  they  cite  are  reproduced  here  as  Figs.  2-10  and  2-ll0 
Figs  2-10  shows  results  obtained  by  M.  H.  Oliver  and  his  associates  at  R0RoE0 
in  England c  This  is  part  of  a  very  careful  set  of  measurements  that  is  con¬ 
sidered  to  be  very  reliables  For  depression  angles  in  the  range  0o6°  to  2„U° 
this  figure  shows  that  vertical  polarization  gives  3-5  db  less  return  than  does 
horizontal  polarization.  It  should  be  noted  that  these  results  were  obtained 
in  sea  state  1°  Fig.  2-11,  on  the  other  hand,  shows  the  results  of  measurements 
by  HRL  which  were  obtained  in  a  30-knot  wind.  The  curve  as  drawn  for  vertical 
polarisation  shows  a  tendency  to  drop  very  rapidly  at  the  small-angle  end,  thus 
suggesting  that  a  crossover  will  take  place  at  some  smaller  depression  angle  0 
On  the  other  hand.  Fig.  2-12  shows  the  original  NRL  C3  3  plot  from  which  Fig0  2-11 
presumably  was  derivedo  This  plot  exhibits  no  tendency  for  the  vertical  polar¬ 
isation  curve  (labeled  w)  to  overtake  the  horizontal  curve  (labeled  HH  ), 
However,  this  figure  is  noteworthy  in  that  it  gives  the  first  published  data 
on  cross  polarization  measurements.  It  is  striking  that  the  general  level 
of  the  cross  polarized  return  is  about  equal  to  that  of  the  horizontally 
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MEL  Sea  clutter  measurements  for  various  polarisations. 
HH-  Boris,  pol.  transmitted,  Horis*  pol.  received; 
HV-  Horis.  pol.  transmitted.  Vert.  pol.  received; 
etc. 
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polarized  return 0 

Thus  there  are  two  features  of  the  polarization  dependence  exhibited  in 
these  figures  which  are  noteworthy  o  Fig«  2~10  shows  unambiguously  that,  under 
certain  conditions,  vertical  polarization  can  give  less  return  at  very  small 
depression  angles  than  horizontal  polar izatioiu  Tlgr  2=12  poses  the  questioa 
as  to  how  such  a  large  cross  polarized  component  5.3  generated o 

As  a  result  of  these  characteristics!,  our  interest  was  directed  to  a 
fundamental  consideration  of  the  polarization  characteristics  of  ground  and 
sea  clutter o  Our  theoretical  results  are  given  in  Seen  Uo  From  these  results, 
it  is  possible  to  arrive  at  a  satisfactory  explanation  of  the  polarization 
characteristics  shown  in  Figs0  2-10  and  2-120 


3o  APPLICATIONS  TO  (BOUND  CLUTTER  CHARACTERISTICS. 

3oi  Physical  Processes, 

In  the  preceding  section,  it  was  shown  that  a  study  of  sea  clutter 
characteristics  led  to  the  recognition  of  the  existence  of  the  following 
physical  processes: 

(a)  reflection  interference  which  controls  the  illumination 
of  the  scattering  elements;  this  is  a  function  of  the  height  distribution 
of  the  surface  irregularities  (measured  in  wavelength  units)  above  the  mean 
surface  level; 

(b)  the  off-angle  scattering  characteristics  of  flat  elements 
of  the  surface,  which  result  in  the  relationship  of  the  frequency  d  ependence 

e 

of  <r  to  the  size  distribution  of  the  elements; 

(c)  the  near-broadside  characteristics  cf .such  flat  elements, 
which  relates  the  high-angle  variation  of  the  scattering  to  the  slope  dis¬ 
tribution  of  the  elements o 

In  this  section,  the  application  of  the  above  physical  processes,  and 
others,  to  the  ground  clutter  phenomenon  will  be  consider  ad  •> 

In  the  sea  clutter  problem,  the  reflection  coefficient  of  a  plane  element 
of  the  sea  is  sufficiently  high  that  it  may  be  considered  to  be  unity  in  the 
neighborhood  of  normal  incidence  for  any  linear  polarinatioiio  For  ground 
clutter,  however,  it  should  be  expected  that  the  reflection  coefficient  usu¬ 
ally  would  be  significantly  less  than  unity »  Since  the  dielectric  constant 
and  conductivity  of  the  soil,  which  determine  the  reflection  coefficient,  vary 
considerably  with  type  of  soil  and  with  moisture  content,  the  effects  of  these 


factors  need  to  be  talcen  into  account 


In  the  sea  clutter  problem,  the  variation  of  Q~  with  angle  and  with  fre¬ 
quency  could  be  deduced  in  terms  of  the  slope  and  size  distributions  of 
flat  elements,  or  facets,  of  the  sea  surface 0  The  types  of  Irregularities 
which  may  characterise  the  surface  of  a  body  of  water  are  limited  by  the 
distorting  forces  of  the  wind  and  the  restoring  forces  of  gravity  and  surface 
tension«  In  contrast,  the  irregularities  of  the  surface  of  the  ground  may 
take  myriad  forms o  Consequently  it  is  not  safe  to  assume  a  single  form  of 
surface  element  as  the  typical  elemental  scatterer  to  explain  ground  clutter 
characteristics o  Rather,  typical  elemental  surface  forme  probably  should  be 
divided  into  classes,  and  tho  scattering  characteristics  of  each  class  de- 
terminedo  In  particular,  many  forms  of  vegetation  and  culture  have  a  pro¬ 
nounced  preference  for  vertical  or  near-vertical  elamentst, 

Prom  the  above  discussion,  it  ia  evident  that  a  treatment  of  the  general 
ground  clutter  problem  requires  the  consideration  of  other  physical  processes 
than  those  given  in  (a)  —  (c)  above «  These  include: 

(d)  the  reflection  coefficient  of  the  scattering  elements; 

(e)  the  types  and  scattering  characteristics  of  various  -typical 
classes  of  ground  irregularities 0 

In  this  section  we  shall  discuss  some  of  the  available  data  on  ground 
clutter  to  point  cut  instances  in  which  some  of  these  principles  make  them¬ 
selves  evidento 

3o2  Interpretation  of  Clutter  Measurements „ 

The  interpretation  of  clutter  measurements  in  order  to  arrive  at 
the  physical  characteristics  of  the  scattering  phenomena  involved  merits  some 
general  comment  before  the  results  of  measurements  are  portrayed  for  discussion 0 


Clutter  measurements  have  been  made  both  with  ground-based  radars  and 
with  airborne  radars.  In  the  former  case,  the,  clutter  pattern  Is  more  or 
less  fixed,  except  for  some  internal  motion  of  the  scattering  elements  caused 
by  wind,  or  due  to  moving  elements  such  as  vehicles  0  Airborne  radars,  on 
the  other  hand,  move  over  the  terrain  with  a  relatlvely^high  velocity,  n 
that  they  usually  scan  a  changing  area  and  thus  determine  some  average  over 
the  variations  which  occur  from  point  to  point  o  Depending  on  the  homogeneity 
of  the  terrain,  therefore,  the  type  of  angular  dependence  obtained  from  the 
two  types  of  measurement  may  not  be  the  same.  In  particular,  a  <r  versus 
angle  pilot  is  likely  to  be  much  smoother  for  airborne  measurements  than  for 
ground-based  measurements 0 

Another  point  whieh  most  be  kept  in  mind  is  that  a  plot  of  <T°  versus 
angle  is  deduced  from  measurements  with  a  radar  system  which  has  an  elevation 
pattern  of  finite  width o  If  the  portion  of  ground  which  contributes  to  the 
scatter  measure mant  is  limited  by  the  elevation  angle  beamwidth  of  the  antenna, 
and  if  the  scattering  varies  appreciably  over  the  angular  range  of  the  antenna 
pattern,  the  deduced  angular  variation  will  be  less  than  the  actual  variation o 
This  ia  the  typical  case  of  antenna  smoothing  of  distributed  sources.  A  par¬ 
ticular  instance  of  this  smoothing  occurs  near  vertical  incidence  in  the  case 
of  sea  clutter .  For  very  low  wind  speeds  and  a  calm  sea,  cr*  varies  greatly 
in  an  angular  range  of  a  few  degrees.  Under  such  conditions,  the  measured  an¬ 
gular  variation  is  not  as  rapid  as  the  true  variation  because  of  the  finite 
antenna  beamwidth. 

A  final  corsaent  regarding  the  interpretation  of  measured  data  in  terms 
of  physical  processes  or  models  is  deemed  worth  of  mention  at  this  point.  In 
only  relatively  few  cases  is  the  measurement  of  the  angular  dependence  made 
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over  substantially  the  entire  angular  range  0°-90°.  Thus  often  a  range  of 
3j0°-20°  at  one  or  both  ends  of  this  range  is  not  included  in  the  measurements* 
With  such  limited -data  it  usually  is  not  possible  to  make  reliable  deductions 
concerning  the  mechanisms  involved,  or  to  decide  between  competing  processes 
or  models o  This  will  be  brought  out  clearly  in  certain  cases  to  be  discussed 
below 0 

3o3  Selected  Data  on  Ground  Return* 

In  this  section  we  shall  show  some  data  on  ground  return  selected 

from  unclassified  sources*  These  will  be  discussed  in  the  light  of  the 

possible  physical  processes  mentioned  in  Sec*  3olo  In  each  case,  the  data 

o 

are  stated  to  represent  absolute  values  of  S’  ,  rather  than  relative  values  a 
Data  have  been  selected  for  vari'  is  frequencies,  for  both  horizontal  and  ver¬ 
tical  polarisation,  and  for  a  .  of  terrains.  Both  airborne  and  ground- 

based  data  are  included,  so  that  the  effects  of  terrain  inhomogeneity  are 
made  evident* 

In  making  the  selection  of  data  for  discussion,  we  have  avoided  two  ex¬ 
treme  classifications.  These  are  Cl)  cities,  and  (2)  unusually  flat  surfaces 
such  as  paved  roadways  and  closely  cropped  vegetation.  Thus  the  data  pre¬ 
sented  refer  to  the  wide  range  of  terrain  encompassed  in  the  very  loose  and 
ill-defined  term  "average  terrain"* 

3o3ol  Qrourjd-based  Measurements. 

FigSo  3-1  —  3=3  show  measurements  made  by  Grant  and  Taplae  C8H 
at  three  frequencies  over  three  samples  of  terrain.  Vertical  polarisation  was 
used*  The  three  frequencies  were  9*3»  2U,  and  35  kmc  (A  ~  3o2,  1*25,  and 
0»86  cm).  The  equipment  in  each  case  was  set  up  at  a  fixed  location  at  a 
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height  of  100-150  feet  above  the  ground,  and  readings  taken  at  5°-10°  steps 
in  elevation  angle o  In  all  three  cases  shown,  the  effects  of  terrain  in- 

■*  homogeneity  are  apparont,  to  varying  degrees,, 

0 

Fig,  3-1  shows  <r  versus  angle  for  a  flat  terrain  covered  with  grass 
and  tall  weeds.  The  solid  lines  represent  measurements  made  in  November  when 
the  ground  was  dry,  while  the  dotted  lines  ah'  v  measurements  made  in  April 
when  the  ground  was  wet  and  the  vegetation  was  green.  Several  Interesting 
features  in  these  results  are  worth  pointing  >  ut0  These  can  be  broken  dawn 
as  follows t 

(a)  Ground  Dry 

(1)  Angular  dependence*  Aside  from  the  irregular  course  of  the  curves 
(presumably  due  to  terrain  inhomogeneity),  there  is  no  uniform  feature  of 

the  variation  with  angle.  At  3,2  cm  there  is  a  distinct  upward  progression 
from  U0°  to  10°,  At  1,25  cm  there  is  no  significant  trend  with  angle  over 
the  entire  range.  At  8,6  mm  there  is  a  distinct  hump  around  70°  and  a  droop 
in  level  at  small  anglese 

(2)  frequency  dependence*  There  Is  a  general  increase  in  signal 
level  with  frequency ,  although  the  amount  of  the  increase  is  not  uniform  for 
all  angles  (since  the  angular  dependence  is  not  the  same  at  the  three  fre¬ 
quencies), 

(3)  Average  levels* 

(cm)*  3.2  1.25  Oo86 

(db):  -27  -20  -18 

(b)  Ground  Wet 

(l)  Angular  dependence*  A  striking  feature  is  the  sharp  rise  to  a 
prominent  peak  at  vertical  incidence  on  both  5.2  and  0,66  cm.  The  upward- 
progression  from  U0°  to  10°  now  is  evident  both  at  1.25  and  3.2  cm.  The 
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O086  cm  variation,  aside  from  the  peak  at  vertical  incidence,  is  about  the 
same  as  be fore o 

(2)  Frequency  dependence!  There  is  still  an  increase  in  signal 
level  from  3.2  to  0.86  cm.,  but  the  1.25  cm  level  has  shifted  downward  to 
considerably  below  that  at  3.2  era* 

(3)  Average  levels s  Disregarding  t'ns  peak  at  vertical  incidence, 
the  values  are 

(cm):  3.2  1*25  0*86 

er°(db):  -2b  -32  -12 

Aside  from  an  anomaly  at  1.25  cm  (suspected  to  be  due  to  the  water  vapor 
absorption  line  at  this  wavelength) ,  the  ground  when  wet  gives  from  3  to  6 
db  higher  return  than  when  dry.  A  natural  presumption  is  that  this  is  due 
to  the  Increase  in  reflection  coefficient  due  to  the  water *  The  sharp  peak 
at  vertical  incidence  is  suggestive  of  specular  reflection  associated  with 
flat  areas  ("optically  flat"  in  terms  of  the  wavelength  of  measurement)  of  ap¬ 
preciable  size.  These  can  be  considered  as  facets  such  as  proposed  in  sea 
clutter  theory  [6,7],  The  sharpness  of  the  peak  indicates  that  the  slopes  of 
such  flat  areas  arc  distributed  over  a  very  small  range  of  angles  .  In  fact, 
the  measured  sharpness  probably  is  determined  by  the  finite  antenna  beamwidth 
( approximately  3°  in  each  case). 

Fig.  3-2  shows  measurements  for  a  terrain  covered  by  trees  In  full  foliage 
The  characteristics  may  be  summarised  as  follows? 

(1)  Angular  dependence!  No  significant  variation. 

(2)  Frequency  dependence!  A  general  increase  of  cr°  with  frequency 
is  evident. 


(3)  Average  levels! 


>  (cm): 
<T°(  db)* 


3o2 

"2? 


1.25 

-16 


0o86 

-15 


Fig*  3-3  shows  the  results  for  a  terrain,  characterised  as  "not  homo¬ 
geneous",  consisting  of  marsh,  sand,  and  bushes.  The  general  features  are 

(1)  Angular  dependences  Very  irregular,  with  general  downward 
trends  at  the  two  shorter  wavelengths  .  (The  reduction  at  vertical  incidence 
is  stated  as  being  due  to  debris.) 

(2)  Frequency  dependence:  An  increase  from  3.2  to  0.86  cm,  with  an 
inversion  (decrease)  at  1025  cm.  This  is  similar  to  the  anomaly  noted  in  con¬ 
nection  with  Fig*  3-1  when  the  ground  was  weto 

(3)  Average  levelet 

*  (cm):  3.2  1.25  0.86 

o"°(db):  —23  —28  —3 

3o3»2  Airborne  Measurements. 

Figs*  3— It  —  3-6  are  composite  plots  of  an  extensive  series 
of  airborne  measurements  made  by  the  Goodyear  Aircraft  Corporation 
Eleven  different  terrain  samples  are  shown,  t> ten  in  various  parts  of  the 
country.  AH  of  these  measurements  ware  made  at  kmc.  Kith  horizontal 
polarization.  In  Flgs0  3-U  and  3-5  the  depression  angle  range  represented 
is  10°-65°,  or  less,  while  in  Fig 0  3-6  the  lower  angular  range  has  been 
pushed  down  to  less  than  1°. 

Fig.  3-U  contains  four  samples  of  return  from  vegetation,  ranging  from  a 
rolling  meadow  to  forests.-  All  four  samples  have  the  sane  general  character 
and  remarkably  similar  range  of  variation  with  uit,..e0  There  is  a  consistent 
decrease  from  about  -10  db  to  -18  db  over  the  d.  press  ion  anp73  range  of  65° 
to  10°.  Samples  (a)  -  (c)  show  an  upturn  in  si  opt  near  the  upper  end,  and 
samples  show  a  more  rapid  downtown  towara  he  lower  end.  With  the  data 
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FIG.  3-4  (T°  for  various  types  of  terrain. 


spread  indicated  by  the  daahed  lines*  it  would  not  be  possible  to  drew  de¬ 
finite  conclusions  regarding  the  significance  of  these  trends o 

Figo  3“5  is  another  four-sample  composite,  embracing  a  somewhat  wider 
variety  of  terrain,  ranging  from  swamp  to  desert,  and  including  cultivation 
Samples  (a)  and  (d)  resemble  those  in  Fig0  3=U  in.  form,  but  lie  about  2  db 
higher  in  level*  Sample  (b)  (New  Jersey  Marsh)  is  almost  identical  to  sample 
(d)  in  Figo  3~U  (New  Jersey  trees) 0  Sample  (c)  (Arizona  Kesert),  on  the 
other  hand,  shows  a  distinctly  different  shape,  the  curve  being  concave  up= 
ward  throughout,  and  varying  over  a  much  wider  range  —  =12  db  to  -30  dbo 

In  contrast  to  Figs..  3-U  and  3=5,  Fig0  3=6  shows  3ome  striking  features « 
The  steep  decrease  below  10°,  the  minimum  at  an  angle  of  1°  ->  U°,  and  the 
sharp  rise  toward  (fi  all  appear  unusual  enough  to  suggest  that  they  have  some 
important  physical  significance 9  Before  offering  an  interpretation  of  these 
features,  however,  the  reader  is  asked  to  mask  temporarily  the  portion  of 
Figo  J-=6  below  10°  Td.th  a  sheet  of  paper.  Now  if  the  part  of  the  figure  which 
remains  in  view  in  compared  with  the  two  preceding  figures the  following  con¬ 
clusions  become  apparent:  Sample  (c)  is  quite  similar  in  shape  to  most  of  the 
previous  samples,  and  differs  from  them  only  by  a  few  db  in  level j  samples 
(a)  and  (b)  show  significantly  more  of  a  downturn  at  the  snail  depression 
angle  end-  However,  if  the  measurements  did  not  extend  below  10°,  one  could 
at  be3t  only  conjecture  as  to  the  significance  of  this  more  rapid  downturn* 

In  fact,  ary  significance  attached  to  it  logically  would  have  to  be  extended 
to  all  the  curves  in  Figs..  3=U  and  3-5,  (except,  possibly  (c)  in  3-5),  since 
it  could  be  argued  that  the  downturn  exists  in  each  case,  and  that  any  dif¬ 
ference  is  one  of  degree  onlyo 

If  now  the  mask  over  the  portion  of  Fige  3-6  is  removed,  then  the  fol~ 
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FIG.  3-5  <T°  for  various  types  of  terrain. 
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FIG.  3-6  <r  ‘ for  various  types  of  terrain 
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lowing  facts  can  be  deduced.  In  (a),  for  example,  the  portion  just  to  the 
right  of  the  minimum  increases  very  closely  as  sin*#  ,  since  from  li°  to  8° 
the  curve  rises  from  »3li  db  to  -22.3  db,  or  11.7  db  (a  sin^#  inorease 
Would  require  a  rise  of  12o0&  db)o  But  this  is  strongly  suggestive  of  the 
reflection  interference  phenomenon  (see  (2.13)  and  (2.16)},  which  would  lead 
to  a  sin'*'#  variation  at  small  values  of  6  a 

A  logical  explanation  for  the  rise  to  the  left  of  the  minimum  is  not 
difficult  to  find.  A  vertical  cylinder  will  back-scatter  most  strongly  at 
horizontal  incidence  (horizontal  polarization  gives  substantially  the  same 
amplitude  as  vertical  polarisation  if  the  cylinder  has  a  diameter  of  at  least 
,  which,  in  this  case,  is  about  0<,3  inch) .  If  the  cylinder  were  not  ex¬ 
actly  vertical,  the  angle  of  maximum  scattering  would  be  shifted  accordingly. 
A  collection  of  cylinders  with  axes  distributed  over  a  certain  range  about 
the  vertical  then  would  give  a  broadened  pattern  relative  to  that  of  a  single 
cylinder. 

Thus,  as  grazing  incidence  is  approached,  two  opposing  tendencies  comb 
into  play.  The  combination  of  these  logically  leads  to  a  minimum  at  some 
intermediate  anglao 

For  sample  (b)  of  Fig.  3-6,  a  similar  behavior  is  evident,  except  that 
the  rise  from  3°  to  6°  is  only  8.5  db  instead  of  12  db  as  required  by  a 
sin*#  dependence.  In  sample  (c),  the  minimum  cccura  at  1°,  and  the  curve 
is  characterized  by  a  much  sharper  rise  either  side  of  the  minimum.  Here  it 
is  possible  to  draw  a  siri*#  dependence  on  the  upper  side  without  difficulty 
within  the  confidence  limits  of  the  data. 

Having  thus  offered  a  plausible  explanation  for  the  striking  features 
of  the  lower  ends  of  the  curves,  one  can  then  turn  to  the  upper  ends  and  ask 

}»6 


whether  the  slight  upturn  has  a  significance  relative  to  a  possible  equally 
striking  behavior  near  vertical  incidence e  Of  course,  it  is  not  possible,  in 
the  ebsence  of  measurements,  to  make  a  conclusive  statement  regarding  this 
point.  But  the  results  of  Yaplee  and  Grant  C 8 3,  shown  in  Sec*  3*3*1,  and  sea 
clutter  measurements,  indicate  that  a  sharp  rise  to  a  maximum  at  vertical 
Incidence  is  quite  possible,  especially  for  marsh  or  swamp  land* 

The  data  in  Figs*  3 -h  —  3-6  are  for  horizontal  polarisation*  What 
difference,  if  any,  would  be  expected  for  vertical  polarisation?  As  an  in¬ 
dication,  the  following  evidence  con  be  cited*  On  the  basis  of  a  theory  due 
to  Rice  [ ID],  Peaks  [ill  has  shown  that  the  back-scattered  power  is  related 
to  the  electrical  constants  of  the  surface,  with  vertical  polarisation  giving 
a  stranger  return  than  horizontal  polarisation,  especially  at  email  depression 
angle  So  Measurements  by  Taylor  [12}  over  slightly  rough  surfaces,  have  given 
results  in  fair  agreement  with  this  theory*  On  this  basis,  therefore,  it 
would  be  expected  that  vertical  polarisation  would  yield  somewhat  higher  and 
flatter  curves  than  those  shown  in  Flgs>  3-h  —  3-6* 

To  check  this  inference.  Fig,  3-7  shows  the  result  of  measurements 
on  both  horizontal  and  vertical  polarisation  taken  by  NRL  over  Hew  Jersey 
trees  [2]*  Contrary  to  the  above  statement  of  expectation,  there  is  no  dif¬ 
ference  (within  measurement  accuracy)  between  the  two  polarisations*  As  in 
the  previous  figures,  there  is  a  steepening  drop-off  at  the  email  depression 
angle  end*  Alao,  there  is  a  rise  of  several  decibels  at  90°,  Indicating  a 
small  amount  of  facet-type  of  scattering.  Of  perhaps  greater  significance, 
however,  is  the  fact  that  the  level  of  the  curve  is  about  5  db  higher  than 
the  comparable  curve  in  Fig*  3-U(d)*  Whether  this  difference  is  genuine,  or 
represents  a  difference  in  calibration  accuracy  of  the  two  systems  used  in 
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RADAR  CROSS  SECTION 

NEW  JERSEY  WOODS 


Comparison  of  horizontal  and  rertical  polarisation  for  tree-covered  terrain 


taking  the  measurements  cannot  be  .answered  here-* 

The  lack  of  polarization  dependence  revealed  by  Fig0  3-7,  yet  the 
distinct  polarization  dependence  shown  in  Taylor's  results  referred  to  above, 
show  that  the  nature  of  the  polarization  dependence;;;  Is  not  clear,  a  distinct 
dependence  being  found  in  some  cases,  and  ini  other  cases  none0  The  physical 
reasons  for  this  behavior  need  to  be  determinedo  , 


3*U  Summary B 

Ground  clutter  measurements  shew  the  following  characteristics s 

(l)  Wet  ground  gives  a  stronger  return  then  the  same  ground 


when  dry# 


(2)  A  strong  specular- type  return  is  found  at  vertical  in¬ 
cidence  when  flat  or  vet  patches  are  presents 

(3)  At  sufficiently  small  elevation  angles,  a  steep  decrease 
with  decreasing  angle  has  been  observed 0  This  is  suggestive  of  a  reflection 
interference  phenomenon o 

(U)  An  enhanced  return  at  grazing  angles  has  been  observed 
over  vegetated  areas  o  This  may  be  due  to  the  preferentially  'vertical  extent 
of  the  vegetatlono 

(5)  The  dependence  of  the  return  on  polarization  is  not  under¬ 
stood.  In  tho  absence  of  vegetation,  or  with  only  a  light  vegetation  cover, 
vertical  polarization  gives  a  stronger  return,  especially  at  small  depression 
angles,  while  a  heavy  vegetation  cover  apparently  leads  to  no  polarization 
preference o 
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Uo  POLARIZATION  PROPERTIES  01'  RADAR  TARGETS. 


Although  the  majority  of  radars  transmit  and  receive  linearly  polarized 
waves,  other  polarizations  are  found  to  be  advantageous  for  certain  purposes o 
The  use  of  circular  polarization,  for  example,  reduces  rain  clutter  consider¬ 
ably  o  A  full  understanding  of  the  polarization  properties  of  targets  and  the 
potentialities  of  a  generalized  polarization  of  the  radar  antenna  is  not  as 
widely  known  as  it  should  be»  This  apparently  is  due  in  part  to  the  pre¬ 
ponderant  use  of  linear  polarization  in  practice,  and  in  part  to  the  use  of 
power  relations  in  the  radar  eauation,  in  which  the  concept  of  the  radar  cross 
section  of  the  target  is  usedo  In  this  section,  a  basic  description  of  the 
radar  process  in  terms  of  fields  will  be  introduced,  which  deals  with  and 
preserves  the  vector  nature  of  the  phenomena,.  This  leads  to  the  concept  of 
the  radar  length  of  the  tar goto  This  is  a  tensor  quantity c  In  terms  of  the 
radar  length  the  powerful  polarization  theorem  follows  quite  simply „  The  cal¬ 
culation  of  the  radar  length  tensor  for  small  circular  disks  than  will  be 
given,  and  the  results  of  calculations  for  certain  ranges  of  orientations  will 
be  shown  for  illustration o 

Uol  The  Radar  Length  Tensor. 

In  developing  the  scattering  properties  of  a  target  by  boundary  value 
methods,  it  is  necessary  to  deal  with  the  field  vectors,  r  ather  than  with  power 
densitieso  The  far  field  of  a  transmitter  which  is  incident  on  a  target  at  a 
range,  ft  under  free-space  propagation  conditions  is  given  by 

=  E0  ^ -  *  (Uol) 

where  a  time  factor  qJ-03**  is  implied,  Jk  =*  27T/A  and  £0  is  the  fleld-at- 


unit-distance  (peak  value) 


B0  =  /60PQ, 
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P  being  the  radiated  power  and  Q  the  antenna  fain  in  t  he  direction  of  the 
targeto  For  other  than  free-space  propagation  conditions,  the  modification 
of  the  field  can  be  represented  by  multiplying  the  right-hand  side  of  (l)  by 
a  factor  F  ,  called  the  propagation  factor a  This  is  a  complex  quantity,  or 
Phaser,  which  represents  the  modification,  in  amplitude  and  phase,  of  the  freo- 


space  field  by  the  actual  propagation  processo  (U-l)  then  becomes 


El*  £„  F 


(ho2) 


F  may  be  a  function  of  the  range  and  other  parameters  of  the  particular 
problem,.  The  reflection  interference  phenomenon  discussed  in  SeCo  2„1  is  an 
example  which  may  be  cited  where  the  presence  of  a  reflecting  surface  modifies 
the  free- space  propagation  relations a  The  factor  F  used  there  is  exactly 
that  which  appears  in  (lie  2)  above a 

For  many  purposes  it  is  convenient  and  useful  to  consider  a  restricted 
portion  of  the  spherical  wave  (lu2)  as  a  plane  wave.,  This  is  permissible 
if  the  variation  of  the  range  ft  over  such  a  region  results  in  a  negli¬ 
gible  variation  of  the  phase  _»&/?  =  Zx  R/>\  ,  and  if  the  propagation  factor 
F  has  a  negligible  variation  in  amplitude  and  phase  over  the  confines  of 
the  region..  This  is  usually  the  case  for  airborne  targets,  especially  at 
long  range  o 

The  field  Incident  on  a  target  sets  up  a  current  distribution  therein 
which  produces  the  back-scattered  field  of  interesto  Since  this  back-scattered 
field  is  proportional  to  the  incident  field,  and  since  in  the  traverse  from 
target  to  radar  the  same  propagation  phenomena  are  encountered  a  s  from  radar 
to  target,  the  field  strength  of  the  echo  received  by  the  radar  is 


Si 


Er  =  UeJf  &-r- 

tt‘3) 

In  the  constant  of  proportionality  £  is  called  the  radar  length  of 

the  tar get0  This  is  a  phasor,  which  represents  the  ratio,  in  amplitude  and 
phase,  of  the  far-field  component  of  the  back-scattered  field  at  unit  dis¬ 
tance  from  the  target  to  the  incident  field.  The  radar  len,,  h  is  related  to 
the  more  familiar  radar  cross  section  (or  radar  area),  <r  ,  by 

tr  »  +ir  iM 

The  radar  length  and  radar  area  depend  on  the  polarization  of  the  inci¬ 
dent  wavs.  A  long  thin  wire  is  a  good  example,  since  its  reflectivity  is  very 
email  When  the  incident  field  in  linearly  polarized  at  right  angles  to  the 
wire  axle,  and  maximum  when  parallel  to  the  axiso  For  targets  of  complex 
shape,  the  total  field  strength  incident  at  a  given  point  of  the  target  is  the 
resultant  of  the  primary  field  from  the  radar  and  the  scattered  fields  from 
other  parts  of  the  target.  For  targets  which  are  Inclined  to  the  wave  frort, 
the  scattered  field  will  have  a  component  of  polarization  orthogonal  to  that  of 
the  primary  field.  This  will  be  seen  from  the  derivation  of  the  radar  length 
for  an  inclined  disk  which  will  be  carried  out  below  in  Sec.  U.3#  Consequently, 
in  general,  the  back-scattered  field  has  a  different  polarisation  than  the  in¬ 
cident  field.  The  coupling  between  the  incident  and  scattered  polarisations 
depends  on  the  incident  polarization  itself.  As  a  ros  lit,  the  radar  length  is 
a  tensor  quantify,  which  may  be  written  in  matrix  form  as 


Q  f^U 


0*5) 
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in  which  each  of  the  components  J-'M  ,  etCo,  is  a  phasor.  For  example,  if  the 
1-polarisation  is  horizontal  and  the  2-polarization  is  -vertical,  jLit  is  the 
radar  length  of  the  horizontally-polarized  component  of  the  echo  from  a  hor¬ 
izontally-polarized  radar,  is  the  radar  length  of  the  horizontally- 
polarized  component  of  the  echo  fbora  a  vertically-polarized  radar,  etco  By 
reciprocity,  =^zi  for  targets  composed  of  isotropic  materials 0 

Since  any  state  of  polarization  of  the  incident  wave  may  be  described  in 
terms  of  two  orthogonal  polarizations s  an  arbitrarily  polarized  incident  wave 


may  be  denoted  by  the  matrix 


-fe). 


in  which,  of  course,  the  orthogonal  components  £.  ,  £■■,  are  phaaor30  The 

1  t* 

back-scattered  field-at-unit  distance  then  is  given  by 

r  -  _  ftp.  ( Alters.  V^-i  (U„6) 

--  OP  '  iE. J  ~  *  \JLVAJ.  Ea.  -4t&,  +  tz£J 

U»2  The  Polarisation  Theorem n 

An  interesting  and  powerful  theorem  follows  direction  from  (Uo6)a 
For any  given  target  and  aspect,  there  Is  a  polarisation  of  Incident  field 
which  gives  maximum  echo,  and  another  which  gives  zero  echo  .,  This  cam  be  seen 


readily  as  follows:  By  adjustments  of  the  radar  antenna  system,  the  ratio 

j may  be  adjusted  (in  magnitude  and  phase )  'cntil  the  received  polarisation 
is  orthogonal  to  that  of  the  receiving  system,  so  th?t  then  no  signal  will  be 
received  from  the  target,,  Similarly,  an  antenra  polarization  may  be  chosen 
such  that  the  polarization  of  the  echo  coincides  with  that  of  the  receiver, 
so  that  then  a  maximum  echo  will  be  receivedo 

Some  caution  is  needed  in  applying  the  above  theorem,  since  it  ic  possible 
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to  build  a  radar  which transmits  one  polarization,  and  receives,  on  two  sep¬ 
arate  receiver  channels,  the  transmitted  polarization  and  its  orthogonal®  For 
such  a  system,  the  theorem  applies  to  only  one  receiver  channel  at  a  time® 

!*o3  The  Radar  Length  Tensor  for  Small  Disks® 

Since  scattering  by  flat  plates  has  been  shown  to  be  important  in 
the  clutter  problem,  it  is  of  interest  to  examine  the  polarization  properties 
o/  this  scattering o  la  particular,  the  cross -polarized  component  in  back- 
scattering  will  be  determined o  For  this  purpose,  the  matrix  for  the  radar 
length  tensor  will  be  derived  here  for  small  circular  dSw*as, 

The  scattering  of  a  small  disk  is  a  complementary  ^  i  oblem  to  diffraction 
by  a  small  hole  in  an  infinite  plane  conductor®  Thu  solution  of  one  problem 
may  be  obtained  from  the  solution  of  the  complemc:  rfcncy  rroblera  by  the  ap¬ 
plication  of  the  Booker— Babinet  principle  tl3,Hu°  According  to  this  principle, 
the  solution  for  the  disk  corresponds  to  that  for  the  hole  with  the  roles  of 
horizontal  and  vertical  polarizations  interchanged® 

The  diffraction  of  a  plane  wave  by  a  small  hole  h  is  been  treated  by 
Bethe  [l£j°  Although  Bethe's  analysis  is  partly  in  error,  f  is  does  not  affect 
the  results  for  the  far  field  Cl6]„  Since  only  the  far  field  is  of  concern  in 
the  usual  radar  problem,  Bethe's  results  are  applicable,  30  that  the  Booksr- 
Babinet  principle  may  be  applied  to  the  Bethe  solution  ;o  obtain  the  radar 
length  of  a  small  disk®  A  "small  disk"  is  one  whose  circumference  is  small 
compared  to  the  wavelength,  so  that  phase  variations  ov-r  the  disk  are  negligible® 
With  «  view  to  the  ultimate  application  of  the  results  +o  an  assentoly 
of  disks  of  various  orientations,  the  results  will  b?  derived  fr.r  single 
disk  having  an  arbitrary  orientation  with  respect  to  a  HLxed  coordinate  syst;ai 
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to  "which  the  radar  direction  is  referred „  This  coordinate  system  will  be  - 
located  with  its  X#  -plane  coinciding  with  the  earth’s  surface  (assumed 
plane),  with  the  positive  Z  -direction  upward,  and  with  the  incident  wave 
normal  in  the  -plane,  with  a  positive  3?  -component,  as  indicated  in  Figo 
4-lo  In  this  coordinate  system,  a  plane  wave  of  any  polarisation  always  may 
be  resolved  into  components  of  any  two  orthogonal  polarizations  <>  These  two 
orthogonal  polarizations  will  be  taken  to  be  vertical  and  horizontal,.  Hence 
it  Is  sufficient  to  calculate  separately  the  scattered  field  for  an  incident 
vertically  polarized  wave  and  for  an  incident  horizontally  polarized  wave0 
Bathe  divided  his  problem  into  two  parts,  one  for  the  magnetic . vector 
parallel  to  the  plane  of  the  hole  (electric  vector  paraxial  to  the  plane  of 
incidence)  and  the  other  for  the  electric  vector  parallel  to  the  plane  of  the 
hole  (perpendicular  to  the  plane  of  incidence) o 

For  an  arbitrary  orientation  of  the  disk  to  the  reference  coordinate 
system,  an  incident  vertically  polarized  wave,  for  example,  will  have  compon¬ 
ents  both  parallel  and  perpendicular  to  the  plane  of  incidence  on  the  disko 
Since  the  relative  back-scattered  amplitude  is  not  the  same  for  these  two 
polarizations,  the  scattered  wave  then  will  be  of  mixed  polarization,  in  gen- 
eralo 


The  procedure  will  be  as  follows:  The  incident  field  /'irst  will  be  re¬ 


solved  into  components  parallel  and  perpendicular  to  the  plane  of  incidence 


on  the  disko  For  each  of  these  components,  the  polarization  of  the  back- 
scattered  field  is  the  same  as  that  of  the  incident  field 0  The  back-scattered 
components  are  evaluated  from  the  Bethe  solution,  and  then  these  are  resolved 
into  components  parallel  and  perpendicular  to  the  incident  field  to  obtain  the 
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corresponding  components  of  tho  radar  length  tensor  0  This  procedure  is 
carried  out  both  for  an  incident  vertically  polarized  field,  and  for  an  in¬ 
cident  horizontally  polarized  field,  so  that  the  complete  radar  length  tensor 
is  obtainedo  The  results  of  sample  calculations  then  will  be  shown  in  the  form 
of  curves  for  various  disk  orientations 0 

Consider  a  circular  disk  with  its  center  at  the  origin  of  the  (X#  in¬ 
coordinate  systemo  As  in  Fig„  U-2,  define  a  coordinate  system  (x',2',4  for 
the  disk,  with  the  2  -axis  normal  to  the  disk  and  the  in  the  plane 

containing  the  2  -  and  2 -axes  »  Then  the  -y-axis  is  the  line  of  steepest 
ascent  in  the  disk  in  the  (  ^,2^) -coordinates®  By  syrrmetzy  it  follows  that 
the  X  -axis  lies  in  the  X  %  -plane  0  Denote  the  angle  between  the?  -  and 
£  -axes  by  /S  (this  is  the  elevation  of  the  facet),  .and  the  angle  between  the 
#  -axis  and  the  projection  of  the  ^-axis  by  (which  :-.s  the  azimuth  of  the 
facet). 

Denoting  the  angle  of  the  incident  wave  normal  to  the  2  -axis  (i„e»,  the 
angle  of  incidence)  by  <f  ,  the  corresponding  angle  to  the  if^-axis  by 
(the  angle  of  incidence  on  the  facet),  and  the  an~li  between  the  planes  con¬ 
taining  these  angles  by  f  ,  then  from  spherical  trigonei  .etry 

Cca>  ft  =  (Lea/  (f  Cea*<f* 
or 

■» 

Also 

scJn/Ys.  1  (Uo8) 

-O ’ 

Ceos (f  —  Cea*ft  joa**/ CtesOie  (U«9) 

ft-om  the  Bethe  analysis,  the  following  values  of  racier  length  can  be 


(Uo7) 


deduced: 


~  ~  2.  (Z  •  C 

(Uao) 

*tn  a  -  4-  C^V7*  £ 

(U*ii) 

^  *  37T^  ^  “  3*F 

(Uol2) 

CL  =  disk  radius. 


The  subscripts  J.  and  If  indicate  that  the  incident  electric  vector  is  per¬ 
pendicular  or  parallel  to  the  plane  of  incidence  on  the  facet*, 

(a)  Vertical  Polarisation., 

An  incident  vertically  polarised  (in  the  -system)  field 
Ey  has  the  two  components  in  the  facet  (xVa)  coordinates 

E/(  *  Ey 

EjL  *  Ey  AaW'TJ 

and  these  give  rise  to  back-scattered  components 

£//  m^H^U  * 

~  -***>*y  E  y  j 

respectively*,  These  then  combine  to  give  the  back-scattered  components 

Ey  *  C**  '/  V -  +44V  v)/£y^ 

e/h  =  E±  Or*Y~  E* i  *M?nSr/  =  CrvV-^/ ■*** 

Hence 

^2.2,  =  B.y/Ey  -  C*3?^+‘Al.  ^+rJt‘y 

-  ~~ Z6J -t 4 c**" Sl) c~ 

=  —  l&xt+r*m'e( ^  (U«13) 
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£iz  -  £«/£^  —  (Xt  ~-^u 

—  —  £  a</  ja&rv'Y  OxiSY  £*■ 

■x  —  (oQ'Cfiufi  Ctv&  —  <Q*rS c&aso( 


(U4U) 


(b)  Horizontal  Polarizations 

An  incident  horizontally  polarized  field  Ey  has  the  two  com¬ 
ponents  in  the  facet  coordinates 

e)(  =  -£H^y, 

Ej.-  Eh  £n-V, 

and  these  give  rise  to  back-scattered  components 
£//  “  -^// 

Ej.  =*■  -^2  £j.  =  CtnaS/Erf  , 

respectively  o  These  then  combine  to  give  the  tack-scatterai  components 

Ey  -  E_i_  <3-t4V */-'  E. Jf  Ce&V—  (~-*YL±  7*v^y  ')'&*nSYC**>y £ 


E  H  -  £jl  C&*>y'~  e/ii  <a*n sy  )£i 


Hence 


An  •£»/£„  -M  C*»Zy 

^  ~C&  C*3? y ^  »0a?E‘)  C. 

~  ~  [4 (f~^*rvSo( -  &cl5) 
=  £•/  /£  y*  ,*^//  y  -<>4^  Yc*vt 

A  J><2  (Uol£) 


Calculations  of  and  >^32  have  been  made  for  selected  orients-- 
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tiana  of  the  disk.  The  results  are  shown  in  Figs0  ■*»  ji.„6„ 

ago  U~3  shows?  the  radar  length  components  for  back  scattering  in  the 

i 

plane  of  incidence  (i.eo,  o(  =  O  )  as  a  function  of  elevation  angle  of  the 
facet  <0  )  for  a  horizontally  incident  wave  ( &- o  )0  As  decreases  from  a 
value  fcC  at  grazing  incidence  to  4C  at  normal  inoidenoeo  In  contrast. 

At  increases  from  0  at  grazing  incidence  to  4-C*  at  normal  incidenceo  .  Az 
is  zero  throughout,  since  no  cross  polarization  is  generated  in  this  range  of 
aspeoto  In  this  range  of  orientations ,  horizontal  polarisation  always  gives 
a  stronger  echo  than  vertical  polarization,  except  at  normal,  incidence,  where 
the  two  are  equal 0 

Figo  ii-it  shows  the  radar  length  components  as  a  function  of  azimuth  angle 
(Of  )  for  9=0'*  Here  horizontal  polarization  gives  a  'ouch  larger 

return  than  vertical  polarization,  the  ratio  of  the  two  varying  between  lUofi  and 
9»5  db  with  azlnutho  It  is  interesting  to  note  that  the  cross  polarized  com¬ 
ponent  is  Uo8  db  stronger  than  the  vertically  polarized  component  at  Cf «  90° 

(that  is,  far  an  incident  vertically  polarized  wavs,  fhj  horizontally  polar¬ 
ized  echo  is  stronger  by  U08  db  than  the  vertically  polirf.r-ed  acho)0 

Figo  U-5  shows  similar  results  for  *  30°,  ’  3-1°  ,  The  ratio  A# /^lz 

now  is  only  about  lo5  (,42  db)  for  <*  4  90° 0  Ajz  *.Av  At  only  for  o(  >  90°<. 

Figo  U-6  snows  an  interesting  case  where  A?.  a  considerable 

range  of  at  »  The  ratio  is  in  the  order  of  10  db  f  or  an  appreciable  range  of 
o(  c  It  is  interesting  also  that  Az  rises  to  larger  "■i'.v.f  F  than  the  maximum 
value  when  the  plane  of  incidence  is  normal  to  the  fa.;et  (ree  Fig®  U-3)o  The 
cross  polarized  component  An  now  also  exceeds  As  for  uhe  first  time0 

Hie  conditions  z  epresented  in  Figo  h-6  are  of  t’.n«  right  order  to  explain 
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FIG.  4"  6  Components  of  the  radar  length  tensor 
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the  unusual  polarisation  characteristics  noted  in  Fig0  2-12.  The  required 
properties  are  exhibited  in  the  neighborhood  of  o(  =  90° 0  This  indicates  thai 
the  facets  of  the  cross-sea  waves  are  the  ones  that  contribute  roost  proud- 

i 

neatly  to  the  vertically  polarised  return,  as  well  as  to  the  cross  polarised 
return.  The  fact  that  the  required  behavior  is  available  in  the  polarisa¬ 
tion  characteristics  of  small  facets  indicates  also  that  the  clutter  in  the 
region  in  question  is  due  mainly  to  small  facets.  This  conclusion  also  is 
reached  from  a  consideration  of  the  angular  distribution  of  (T°  [123  0 

Fig.  U-U  may  be  taken  to  be  representive  of  the  behavior  for  very  small 
depression  angles0  For  smaller  values  of  ,  the  /-zz. curve  is  shifted  down¬ 
ward  by  the  factor  sin^  ,  while  the  /4l  curve  is  lifted  non-uniformly  by  a 
small  amount,  resulting  in  a  smaller  range  of  variation  with  oC  °  For  P  -  15°, 
for  exanqxle,  the  ratio  JL g  /JLzx  becomes  about  30  db.  Since  the  facet  slope  P 
becomes  very  small  in  a  calm  sea,  it  can  be  seen  quite  readily  that  vertical 
polarisation  will  produce  a  much  smaller  return  for  a  given  strength  of  nigm 
nriLnatlng  field  than  will  horiaontal  polarisation.  But  in  Sec.  2  it  was  shown 
that  reflection  Interference  resulted  in  a  much  stronger  Illumination  of  the 
scattering  elements  (at  very  small  depression  angles)  with  vertical  polarisa¬ 
tion  than  with  horiaontal  polarisation.  The  two  effects  (scattering  and  il¬ 
lumination)  work  in  opposite  directions,  the  latter  tending  toward  a  limiting 
value,  While  the  former  decreases  toward  aero.  Consequently,  for  a  smooth  sea 
an  angle  of  crossover  eventually  will  be  reached,  below  which  the  return  on 
vertical  polarisation  is  less  than  that  on  horiaontal  polarisation.  This  be¬ 
havior,  however,  would  appear  only  In  a  calm  sea,  where  the  maximum  value  of 
P  is  not  large.  It  is  interesting  to  note  that  the  measurements  shown  in 
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Figo  2-10  were  made  £n  sea  state  1,  which  is  quite  a  calm  sea. 

It  would  be  desirable  to  extend  the  calculation  of  the  radar  length  ten¬ 
sor  to  larger  disks*  whose  circumference  is  comparable  to  the  wavelength,  since 
the  facet  theory  indicates  that  these  are  the  most  effective  back  scatterers 
for  small  depression  angles.  Unfortunately,  the  calculations  become  very  in¬ 
volved,  since  the  solution  is  in  terms  of  a  rather  slowly  converging  series 
0.7*183°  For  this  reason,  we  have  investigated  an  alternative  approach 
along  the  lines  of  the  comparable  problem  in  scattering  by  spheres,  for 
which  we  have  derived  an  exact  solution  [193°  This  investigation  has  not 
been  .completed,  however,  so  that  no  results  are  available  at  this  tinso* 
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$0  COHKRRM’  RADAR  MEASUKEMEHT  SYSTEMS « 

The  results  of  5ec0  h  point  out  the  importance  and  desirability  of 
knowing  the  full  polarization  properties  of  the  back  scattering  by  ground 
arefiSo  From  the  experience  gained  from  sea  clutter  investigations,  it  la 
likely  that  the  features  observed  in  experimental  measurements  may  lead  to 
the  identification  of  important  physical  processes  in  ground  clutter,  re¬ 
sulting  in  a  bettor  understanding  of  the  phenomenon,  and  the  ability  to  ap¬ 
ply  this  understanding  to  practical  problems.,  Consequently,  it  is  evident 
that  the  accumulation  of  data  on  the  polarization  properties  of  ground  clutter 
is  desirable o  Recommendations  for  a  specific  measurement  propram  designed 
for  the  Maynard  field  site  radar  already  have  been  submitted  under  this  con¬ 
tract  [llo 

In  this  section,  the  principles  of  direct  measurement  of  the  radar  length 
tensor  will  be  discussed,  and  the  advantages  of  a  coherent  radar  for  making 
such  measurements  will  be  pointed  outo  Details  will  be  given  for  a  coherent 
pulse  radar  for  use  in  measurements  of  the  radar  length  tensor  (sometimes  re¬ 
ferred  to  as  the  polarization  matrix) o  In  particular,  a  new  calibration 
technique  will  be  described  whereby  such  measurements  may  be  placed  on  a 
quantitative  basis 0 

Measurement  systems  which  have  been  described  heretofore  can  be  classi¬ 
fied  into  two  general  categories,  continuous-wave  (c w)  systems,  and  pulse 
.systems  [20-  233,  In  a  cw  system,  reflections  from  the  surroundings  are 
balanced  out  by  a  component  derived  from  the  transmitted  signal.  The  amount 
Of  unbalance  which  occurs  when  the  target  is  placed  within  the  radar  beam 
then  is  a  measure  of  its  reflectivity.  Pulse  systems  discriminate  between 
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target  and  background  by  using  the  pulse  duration  to  control  the  region  il¬ 
luminated.  Almost  without  exception  these  systems  are  designed  to  measure 
the  radar  area  (the  ratio  of  received  to' transmitted  power)  of  the  targeto 
Although  some  of  the  systems  measure  this  power  ratio  for  different  combina¬ 
tions  of  transmitted  and  received  polarizations,  practically  none  of  the 
systems  measures  the  relative  phase  of  the  received  and  transmitted  fields 
(we  recently  have  learned  of  one  exception) o  Consequently,  to  obtain  a 
complete  measurement  of  the  back-scattering  properties  of  the  target  it  is 
necessary  to  make  at  least  five  separate  measurements  with  five  different 
incident  polarizations.  The  coherent  back-scattering  measurement  system  de¬ 
scribed  in  this  section,  in  contrast,  is  designed  to  measure  the  complete 
radar  length  tensor  by  measuring  both  the  amplitudes  and  phases  of  the  two 
orthogonal  components  of  the  back-scattered  fieldc  Then  two  sets  of  measure 
ments,  with  only  two  different  incident  polarizations,  are  sufficient  to  de¬ 
termine  the  complete  radar  length  tensor  of  the  targets 

The  principle  of  measuring  both  amplitude  and  phase  of  the  target  re¬ 
flection  also  may  be  applied  to  c-w  systems.  However,  this  does  not  allow 
the  use  of  an  absolute  calibration  technique  such  as  that  which  will  be  de¬ 
scribed  in  connection  with  the  pulsed  system., 

5.1  Principle  of  Measurement. 

The  principle  on  which  the  measurement  of  the  radar  length  tensor 
is  based  may  be  explained  in  terms  of  equations  (U o3)  and  (!,06).  These  may¬ 
be  contained  to  form  the  following  expression  for  the  received  field 
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in  which  ( in  general,  is  the  elliptically  polarised  transmitted  field- 
at-unit-distanceo  This  may  be  written  in  a  more  general  form  than  (Uola) 
as  follows? 

where  (j,  and  are  the  antenna  gains  for  the  two  components,  and  is 
the  phase  difference  between  the  corresponding  field  components ^  For  example, 
if  the  two  orthogonal  polarisations  1  and  2  are  chosen  to  be  horizontal  linear 
and  vertical  linear,  then  Q,  ,  and  <f  »0  «  Hereafter,  to  simplify  the 
discussion,  it  Will  be  assumed  that  ty,  -  *  The  extension  to  the 

general  case  should  bo  obvious 0 

Providlm;  the  propagation  factor  f  is  identical  for  both  polarisations , 
(5ol)  may  be  written  as  the  two  equations 

Ef-  -  k(Au^  J 

in  which  K  is  the  complex  constant  (for  a  fixed  range  H ) 

mZ 


K  aF- 


<5o2) 


By  making  (i»e«,  transmitting  only  the  1-component  Ep,  ),  the s<  re¬ 

duce,  so  that 


a _ L  £** 

^  '  K  £*  » 

Q _ L  ^r»« 

zi  ~  K  Epk  ’ 


(5o3k) 


(5o3b) 


the  additional  subscript  on  £p  denoting  the  transmitted  polarisation.,  Next, 
by  making  =  0  and  transmitting  only  the  2-component  >  there  results 


1  -JL 

'  fc- 


(*>0^ 


?  _  I  Eras 


(5o3d) 
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These  relations  nay  be  written  in  the  general  form 

Since  the  J-aq.  in  the  above  equations  involve  only  the  ratio  of  received 
to  transmitted  fields,  it  is  necessary  to  measure  only  amplitude  ratios  and 
phase  differences  of  the  corresponding  fields®  This  is  characteristic  of 
all  radar  measurements,  where  it  is  possible  to  take  advantage  of  the  coal¬ 
escence  of  transmitter  and  receiver  terminals  to  obviate  the  necessity  for 
absolute  amplitude  or  phase  measurements!. 

Each  of  the  four  radar  length  components  has  an  amplitude  and  phase-  The 

phase  of  one  of  these,  say  ,  may  be  set  equal  to  zero  by  incorporating  its 

^  1  0 

phase  in  the  exponential  factor  a ?  in  (5®l)o  Furthermore,  since  by 
the  reciprocity  theorem  XizfJLii.  for  isotropic  materials.,  the  separate  meas¬ 
urement  of  >4z  and  provides  a  check  of  .the  accuracy  of  the  measurement 
systanio 

The  scheme  thus  is  to  make  two  Bets  of  measurements  of  both  orthogonal 
components  of  the  received  field,  one  set  for  each  orthogonal  component  of 
field  transmitted  alone®  By  measuring  the  complex  ratios  cf  received  to 
transmitted  field,  the- radar  length  components  can  be  determined  uniquely® 

Since  the  two  sets  of  measurements  cannot  be  made  simultaneously,  there 
must  be  a  difference  in  time  between  the  successive  msaouremsntso  This  poses 
a  problem  when  the  target  is  in  motion,  since  then  the  radar  length  may  vary 
with  time®  By  suitable  obvious  techniques,  the  time  difference  between 
measurements  may  be  decreased,  but  not  to  zero® 

An  alternative  procedure  may  be  U3ed  if  the  target  configuration  is  such 
that  the  radar  length  does  not  change  rapidly  with  frequency®  By  using  two 
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separate  frequencies*  coherently  related,  the  two  orthogonal  transmitted  polar¬ 
izations  may  be  emitted  simultaneously,  one  on  each  frequency. 

Systems  based  on  sequential  measurements  on  a  single  frequency,  and  on  , 

simultaneous  measurements  on  separated  frequencies,  will  be  described  below0' 

S>o2  Sequential  Measurement  Configuration 0 

•  A  system  for  measuring  the  radar  characteristics  of  a  target  by 
alternately  switching  from  one  transmitted  polarization  to  another  is  shown 
in  block  diap=am  form  in  Fig0  5-1.  A  polarizing  device  is  connected  to  the 
antenna  and  operated  in  such  a  fashion  that  when  one  input  to  the  polarizer 
is  used  to  transmit  and  receive  a  given  polarisation,  the  other  input  line  j 

can  be  used  to  receive  the  orthogonal  polarization.  Polarizing  devices  that  ' 

! 

perform  this  function  are  in  common  use  [2l»3»  ^  switch  is  connected  to  the 
polarizer  to  switch  the  transmitter  from  one  polarization  to  the  other,  and 
to  switch  the  receivers  appropriately.  A  duple xer  is  provided  to  isolate  the 
receiver  which  responds  to  the  transmitted  polarization.  The  basic  trans¬ 
mitted  signal  is  obtained  from  a  stable  local  oscillator  (STALO)  and  a  coherent  < 

oscillator  (COHO).  The  STALO  is  used  as  the  receiver  local  oscillator  to  ob-  I 

tain  a  coherent  i-f  signal.  This  1-f  signal  is  mixed  with  the  COHO  oscillator 
in  a  phase  detector  to  measure  the  relative  phase  between  the  received  signal 

I 

and  the  transmitted  signal.  For  each  transmitted  polarization  the.  receivers 
provide  four  outputs,  the  amplitudes  and  phases  of  each  of  the  two  received 
polarization  components  (transmitted  polarization  and  orthogonal).  Thus,  by 
transmitting  both  polarizations  individually,  and  recording  the  four  outputs 
for  each,  the  necessary  eight  quantities  for  the  determination  of  tho  radar 
length  tensor  are  obtained. 


6? 


SIMPLIFIED  RADAR  BLOCK  DIAGRAM  (SEQUENTIAL  MEASUREMENTS) 


i>o3  Simultaneous  Measurement  Configuration e 

If  the  target  characteristics  change  rapidly  with  time,  the  se¬ 
quential  measurements  outlined  above  are  inadequate  if  the  radar  length  of 
the  target  has  changed  in  the  interval  between  the  two  sets  of  measurements o 
Then,  providing  the  radar  length  of  the  target  is  not  a  rapidly  varying  func¬ 
tion  of  frequency,  it  is  possible  to  make  simultaneous  measurements  on  two 
slightly  different  frequencies  with  a  measurement  system  such  as  that  shown 
in  the  block  diagram  of  Fig0  5-2*  A  polarizer  is  connected  to  the  antenna  to 
provide  two  polarizations  as  in  the  sequential  measurement  system,.  Two  trans¬ 
mitters  are  connected  to  one  polarizer  input  through  a  diplerer  and  a  duplexer, 
and  two  receivers  for  each  polarization  are  connected  to  diplexers  to  provide 
four  output  signals  (amplitude  and  phase  at  both  frequencies)  far  each  polar¬ 
ization,  giving  a  total  of  eight  output  signals*  These  eight  signals  provide 
the  information  for  the  radar  length  tensor  as  in  the  sequential  system. 

The  two  transmitted  frequencies  can  be  obtained  by  mixing  the  STALO  and  C3H0 
signals  and  using  both  the  upper  and  lower  sidebands „  The  two  transmitters 
shown  in  Fig*  5-2  can  be  replaced  by  a  single  power  amplifier  transmitter  if 
this  transmitter  has  a  bandwidth  large  enough  to  accommodate  both  sidebands  0 
The  accuracy  of  the  quantitative  measurements  made  with  the  sequential 
and  simultaneous  systems  described  above  will  depend  upon  the  accuracy  of  the 
technique  used  for  calibration,  In  order  to  obtain  optimum  accuracy,  a  new 
calibration  technique  has  been  devised  for  this  type  of  system*  This  will 
be  described  below,. 

•  5ob  System  Calibration  Technique 

From  (5->h)  and  (5°2)  it  can  be  seen  that  the  components  of  the  radar 
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SIMPLIFIED  RADAR  BLOCK  DIAGRAM  (SIMULTANEOUS  MEASUREMENTS) 


length  nay  bo  determined  by  measuring  the  complex  ratios;  r' ,  provid¬ 
ing  the  range  and  wavelength  are  known  with  requisite  accuracy*  But  ths 
are  the  far- field  components  of  the  transmitted  field*  vjhich  are  not  readily 
accessible  for  measurements  Similarly,  the  £ are  the  received  field 
strengths o  Consequently,  a  further  step  is  needed  to  relate  the r eceived 
and  transmitted  fields  to  voltages  which  may  be  measured  at  appropriate 
points  in  the  radar  system t 

Methods  of  making  quantitative  measurements  of  the  amplitude  of  this 
ratio  (l«eo,  j  I  )  (or,  equivalently,  of  y>/^  )  have  been  reported 

The  measurement  technique  described  here,  however,  is  capable  of 
the  measurement  of  the  phase  of  this  ratio  jas  well,  as  its  amplitude o  Since 
phase  variations  usually  can  occur  more  readily  than  amplitude  variations, 
the  cal?bration  of  the  radar  to  measure  both  amplitude  end  phase  accurately 
will  require  great  care  . 

JoUol  iatio  of  Received  to  Transmitted  Fields 

The  radar  length  elements  are  directly  proportional  to  the 
complex  ratio  £r  <F.p  of  the  field  received  at  the  radar  to  the  far  field 
transmitted  by  tbo  radar n  In  other  words,  the 53  fields  a-«  defined  at  the 
radar  antenna,  even  though  the  far  field  of  the  trarsnAtv  ;.l  wave  is  developed 
only  at  some  distance  from  the  antenna*  The  received  si  .  •  is  neasra*ed  at 
the  output  of  the  radar  receiver,  which  is  located  at  scan  dist  ance  from  the 
antenna,  and  is  separated  from  the  antenna  by  several  ina nr-ening  components, 
as  shown  in  Figs  5-1  and  5-2 r-  The  ratio  of  the  receiver  output  to  the  field 
at  the  entenna  input  is  influenced  by  such  factors  as  the  antenna  gain,  the 
phase  shift  through  the  polarizer,  variations  in  loss  aid  phase  shift  through 
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the  transmission  lines  from  tho  antenna  to  the  receiver  (which  can  be  caused 
by  temperature  and  humidity  changes),  and  variations  in  gain  and  phase  shift 
through  the  receiver  itself.  Similarly,  the  transmitter  is  separated  from 
the  antenna,  so  that  it  is  necessary  to  determine  the  relationship  between  a 
voltage  or  field  measured,  say,  at  the  transmitter,  and  the  tar-field  com- 
ponent  of  the  transmitted  field  at  the  antenna  aperture 0  This,  too,  is  af¬ 
fected  by  the  various  components  inserted  between  the  transmitter  and  the 
antenna,  and  may  be  affected  also  by  such  things  as  the  input  power  and  the 
frequency  of  operations 

Calibration  of  the  radar  for  the  measurement  of  Ep/Ej?  is  an  operation 
which  should  be  performed  rather  frequently,  because  of  the  large  number  of 
component8  in  the  system  whose  transfer  characteristics  can  be  expected  to 
vary0  For  convenience,  it  is  desirable  to  perform  this  calibration  at  the 
radar  operator's  position,,  A  method  is  described  here  whereby  this  can  be  ac¬ 
complished® 

In  this  method,  signals  of  known  anplitude  and  phase  relative  to  the 
transmitter  are  produced  in  a  standard  antenna  plaeed  in  the  far  field  of  the 
radar®  The  relative  amplitude  and  phase  of  these  signals  are  determined  by 
comparison  with  the  transmitted  signal  at  the  radar  operator's  position® 

This  comparison  actually  ia  effected  through  intermediate  comparisons  with  a 
locally  generated  reference  ("signal  generator"),  which  thereafter  is  used 
as  the  reference  for  the  measurement  of  target  signals 0  The  measurement  of 
the  calibration  signals  is  affected  by  the  same  transmittev  and  receiver  trans¬ 
fer  constants  as  tho  target  signals,  so  that  these  transfer  constants  cancel 
out  when  the  ratio  is  taken  of  target  to  calibration  signals® 
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The  calibration  scheme  is  illustrated  in  Fig.  5-3  o  The  transmitted 
pulse  is  received  in  the.  calibration  antenna,  passed  through  a  delay  network, 
and  then  back  into  the  ahtbhna'.  The  delayed  isigrial^passes  into  a  divider 
network,  which  sends  a  part  out  through  the  calibration  antenna  and  thence 
back  to  the  radar,  and  a  part  back  into  the  delay  network  again.  This  process 
repeats  over  and  over,  so  that  for  each  transmitted  pulse  a  series  of  equally 
spaced  pulses  is  received  at-  the  radar  from  the  calibration  antenna.  The  rel¬ 
ative  amplitude  and  phase  of  any  tvro  successive  pulses  is  the  same,  being  de¬ 
termined  by  the . characteristics  of  the  circulation  path.  Consequently,  a 
known  sot  of  ratios  of  £.y •/£.#  is  produced  at  the  radar  antenna.  At  the  same 
time,  these  known  ratios  will  provide  a  calibration  of  the  radar  receivers, 
so  that  it  will  be  possible  to  interpret  the  receiver  output  in  terms  of  a 
ratio  E.rjEjt .  Thus  the  calibration  scheme  described  is  a  logical  extension 
and  generalization  of  the  self-calibrating  schema  described  earlier  for  non¬ 
coherent  radars  [26] ^  The  calibration  equipment  will  be  explained  in  greater 
detail  in  Sec.  5°U.2. 

The  complete  calibration  is  performed  by  measuring  the  ratios  of  volt¬ 
ages  at  various  points  in  the  radar  system.  Ths  ref err ncs  used  in  measuring 
the  various  fields  is  a  signal  derived  from  the  serrodyna  w!iich  excites  the 
transmitter  power  amplifier o 

During  back-scattering  measurements,  as  indicated  in  Fig.  $-U(a),  the 
transmitter  field,  Byt  e  »  measured  by  cony  arisen  with  the  signal  generator, 
while  the  received  field,  Eg0  ,  is  recorded.  During  primary  calibration  the 
transmitter  output  is  monitored  while  the  received  signal  is  recorded,  as 
shown  in  Fig.  5-U(b).  For  this  case  the  ratio  of  received  to  transmitted 
fields  at  the  antenna  is  given  by 


(a)  SIGNAL  FLOW  DURING  BACK  *  SCATTERING  MEASUREMENT 


(b)  MEASUREMENT  OF  RATiO  OF  SUCCESSIVE  PULStS  RETURNED  FROM  CALIBRATION  SITE 


FIG.  5-4  SIGNAL  FLOW  FOR  CALIBRATION 
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whore  Ecr  and  E^t,  are  tho  received  and  re-transmitted.  (far)  fields  at  the 
calibration  antenna,  respectively.  If  we  denote  the  £ree~space  transmission 
coefficient  between  the  radar  and  tho  calibration  antenna  terminals  by 


where  E&£ a  quantity  which  can  be  determined  by  a  calibration. 
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1  Gc. 

47T  °  j 


(5.7) 


Rc,  being  the  separation  between  radar  and  calibration  antennas,  and  Gc.  the 
gain  of  the  calibration  antenna. 

The  key  to  tho  accurate  calibration  of  the  ratio  E»//Z$  obtained  from  a 
target  is  the  ability  to  establish  a  known  ratio  E-r/E- t  at  the  radar  antenna 
by  use  of  the  calibration  equipment.  From  eq.  (£.6)  it  can  tie  seen  that  a 
knowledge  of  the  transmission  coefficient  of  the  calibration  equipment,  Vfc,  „ 
and  the  transmission  coefficient  '«s£s  is  required.  Since  n£s  involves  stable 
quantities,  its  determination  poses  no  unusual,  problem-..  Tie  calibration  equip¬ 
ment,  however,  contains  amplifiers  and  other  components,  whose  characteristics 
may  be  expected  to  vary,  so  that  the  transmission  coefficient  of  this  equip¬ 
ment  should  be  measured  during  the  calibration  procedure. 

The  ratio  1*4  is  obtained  by  measuring  two  succonrtve  pulses  returned  to 
the  radar  from  tho  calibration  equipment,  again  using  the  signal  generator  as 
a  reference  for  each,  as  shown  in  Fig.  $-h(b).  With  -;hus  determined,  the 
successive  pulses  define  known  points  on  a  calfbr  tion  evrvs  of  received  field 
versus  Ej>/tL#  o  As  part  of  the  measurement  routine,  the  iadar  should  be  pointed 


78 


at  the  calibration  equipment  before  and  after  e-'.ch  measurement;,  and  the  ratio 
ta’o  determined  o 

In  the  above  measurements,  it  is  necessary  to  compare  the  serrodyne  ex¬ 
citer  (serving  as  a  signal  generator)  with  signals  which  occur  at  different 
times-j  This  can,  ha  accomplished  by  pulsing  the.  exciter  after.  the  "main  bang" 
at  the  instant  the  signal  to  be  measured  occurs o  Censsq-.s-ntly,  i  delayed 
pulse  whose  timing  can  be  controlled  is  required  for  the  exciter a 

Obviously,  to  obtain  accurate  measurements  of  the  ratio  EL*/£jb  requires 
the  use  of  accurate  and  reliable  calibration  equipment;, .> 

5,Uo2  Calibration  Equipment  0 

As  described  above,  a  calibration  is  need'tci  to  determine  the 
ratios  0  The  calibration  procedure  has  been  srcrv.ained  above  in 

Sec,  J.U.1,  This  procedure  requires  the  measurement  of  the  transmitted  and 
received  fields  by  comparison  with  a  reference  signal  £;inet'£.tor  (derived  from 
the  exciter).  In  order  to  measure  the  ratio  of  received  to  transmitted  field 
accurately,  it  is  necessary  to  receive  the  transnitt'.o  m  in  the  far  field, 
delay  it  beyond  the  recovery  time  of  the  receivers,  n  nr  ■transmit  this  de¬ 
layed  signal  through  the  radar  receivers  without  losing  cuhtrencsi.  The  system 
for  accomplishing  this  is  shorn  in  Sigr.  5-5  for  the  a  -.q;;  ni.ial  measurement 
system  of  Fig,.  5-1,.  Fart  of  the  STALO  signal  ■  is  fed  ih.-o  vi,  .in  isolator  to 
the  radar  antenna  and  transmitted  to  the  antenna  at  the  c  j^i.oration-  site,-, 
Simultaneously,  the  calibration  antenna  receives  the  radar."  transmitted'  pulse. 
These  tore  signals  are  mixed,  giving  a  coherent  i-f  signal  This  i-f  signal 
is  then  amplified,  and  delayed  in  an  i-f  delay  line-.  '  - ;  delayed  signal  then 
is  mixed  with  the  received  S7AL0  signal  and  amplified  it.  -raveling  wavs 
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R/0AR  BLOCK  DIAGRAM  (SEQUENTIAL  MEASUREMENTS) 


tube,  producing  a  delayed  coherent  pulse  at  the  original  transmitter  fre- 
auencyo  This  then  is  fed  through  an  attenuator  and  phase  shiver,  and  then 
re-radiated  by  the  calibration  antenna  to  the  radar.  It  also  returns,  in 
part,  through  the  mixer  and  delay  line,  giving  rise  to  a  second  delayed  pulse, 
and  eo  on*  Thus,  a  succession  of  pulses'  of  constant  amplitude  ratio  and 
phase  difference  is  sent  back  to  the  radar.  The  attenuator  and  phase  shifter 
in  the  calibration  loop  can  be  used  to  set  the  ratio  of  successive  pulses  at 
a  desired  value.  For  example,  the  amplitude  ratio  may  be  set  at  around  2  db 
in  order  to  provide  a  large  nunfoer  of  points  on  the  roc  ivar calibration  curve. 
The  block  diagram  for  the  simultaneous  system  of  Fig.  5-2  1b  shown  in 
Fig,  $-6.  For  this  system  the  calibration  equipment  has  two  circulating 
loops  connected  to  the  antonna  through  a  diplexer.  Also,  two  signal  gener¬ 
ator  signals  are  obtained  from  the  transnittor  and  compared  In  two  detectors 
coupled  to  the  receivers  through  a  diplexer.  Coherence  betweon  the  two  fre¬ 
quencies  is  obtained  by  use  of  a  common  STALO  and  COHO.  The  two  sidebands 
of  the  exciter  a re  thus  coherent,  so  that  measurements  made  on  the  two  fre¬ 
quencies  have  a  common  phase  rofarence  once  a  calibration  is  performed  to 
relate  the  phase  at  the  9rcit«r  to  the  phase  at  the  two  reference  detectors o 
The  detectors  will  require  good  shielding  to  avoid  interference  during  the 
measurement  of  the  phase  and  amplitude  of  the  transmitted  pulse,  A  crystal 
detector  and  ■ioroen— tei ,  properly  packaged,  should  be  suitable  for  this 
purpose.  The  details  of  the  equipment  will  depend  upon  the  particular  ap¬ 
plication. 


The  coherent  radar  measurement  system  has  a  numbar  of  potential 


FIG.  5-6  RADAR  BLOCK  DIAGRAM  (SIMULTANEOUS  MEASUREMENTS) 


applications o  The  r*3 commended  modifications  of  the  Maynard  field  si'-.e  radar 
for  the  measurement  of  ground  clutter  characteristics  was  described  in  detail 
in  Cll o  The  .essentials  of  such  a  design  will  be  discus  s  3d  here  to  give  an 
illustration  of  its  salient  features „ 

A  coherent  pulsed  search  radar  for  the  measurement  of  the  radar  length 
tensor  for  ground  return  (as  described  in  [l] )  is  shown  in  the  block  diagram 
of  l'lgo  $-*>•  The  COHO  and  STAIf)  are  mixed  in  a  serrodyne  exciter  whose  out¬ 
put  is  a  1  jjb  pulse  with  a  peak  power  of  2.5  watts*  The  power  amplifier  hah 
a  peak  power  output  of  two  megawatts  at  S-Bando  The  STALO  has  a  short-tine 
stability  of  one  part  in  10®,  which  corresponds  to  a  phase  error  in  the  meas¬ 
ured  radar  length  element- of  one  degree  for  a  target  at  a  range  of  eight 
miles  a  The  input  of  tho  receiver  is  a  traveling  wave  tube  amplifier  with  a 
narrow  hand  pre-selector  filter*  The  four  simultaneous  receiver  outputs  are 
recorded  on  magnetic  tape  for  subsoauent  calculations.  The  calibration  equip¬ 
ment  is  located  in  the  far  Hold  of  the  radar  antenna  (about  2000  feet  away). 
The  delay  line  in  the  calibration  equipment  can  separate  successive  pulse 3 
adequately  if  a  delay  of  2  jus  is  usedo  With  radar  and  calibration  antenna 
gains  of  3f>  and  20  db  respectively,  the  first  calibration  pulse  will  return 
to  tho  radar  6  fts  after  the  main  bang  at  a  level  approximately  100  db  above 
noise  if  the  calibration  loop  loss  is  2  dbo  Successive  puls  os  will  continue 
to  appear  at  the  radar  for  tho  next  100  jis  to  define  a  calibration  curve  with 
points  separated  in  amplitude  by  2  db  and  in  phase  by  7.2  degrees,.  The  loop 
characteristics  can  be  changed  by  adjusting  the  attenuator  and  phase  shifter 
in  the  loop  to  give  the  number  of  calibration  points  desired* 

By  triggering  the  exciter,  but  not  the  power  amplifier,  at  the  appropriate 
time  between transmitted  pulses,  a  reference  signal  generator  pulse  is  obtained 
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./or  mixing  in  the  detector  Kith  either  the  transmitted  pulse  or  one  of  the 
calibration  pulseo0 

In  operation,  the  radar  is  pointed  toward  the  calibration  equipment  and 
the  calibration  information  is  recorded,.  The  radar  is  then  pointed  at  the 
area  of  ground  to  be  measured  and  the  ground  return  is  recorded  while  tho 
transmitter  field  is  monitored  to  measure  its  stability.  After  the  ground 
return  measurement,  the  radar  is  again  pointed  toward  the  calibration  equip¬ 
ment  to  obtain  a  calibration  curve o 


6„  ARBITRARILY  ORIEHTKI)  FACETS. 


The  computation  of  the  back  scattering  from  a  random  collection  of 
rectangular  facets  of  various  sizes  and  slopes  was  considered  in  VI . 

For  depression  angles  which  involve  specular  reflection  from  some  of  the 
facets  (that  is,  soma  of  the  facets  parallel  to  the  wave  front),  in  order 
to  effect  the  resulting  integrations  it  was  necessary  to  assume  that  one 
edge  or  every  facet  was  aligned  with  tho  wave  front 0 

Since  this  assumption  is  somewhat  artificial  and  specialised,  an  ex¬ 
tension  of  the  previous  work  to  remove  this  restriction  was  investigated, 
A  large  rectangular  plate  (facet)  of  width  W  and  length  L  has  a 
radar  area 


where 


(6,1) 


YxAL/a, 

being  the  direction  cosines  to  the  incident  wave  normal  of  the  two 
edges  oad  the  normal  of  the  facet,  A*Wl-  13  tha  area  of  the  facet,  and 
V/fir  If  one  edge  is  parallel  to  the  wave  front,  then  1  =  0  ,  so  that 
the  expression  reduces  to 

(6o2) 

In  considering  the  total  radar  area  of  an  ensemble  of  randomly  scattering 
facets  having  a  pseudo-Gauss ian  distribution  of  orientations,  (6,2)  leads  to 
the  integral  w 

«.3> 

The  value  of  this  integral  was  given  in  [7]  as 
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Jf= + 2? E rf&) -jsZtErftWj  -  4  e'^j-xWx#)]  (6au) 


where 


2  —  —  pb/fi*  +•  -&>  <**&/{> , 


For  a  general • orientation  of  the  facet  with  respect  to  the  wave  normal. 


(6.1)  leads  to  an  integral  of  the  type 


t  -  1  Pi.  (ca  *■■}  t; 

f^v33  Tc^ip&r- •*■ 


(6o5) 


where  p,*AW ,  f^zx^L  »  and  the  6  ’ s  and  c’s  are  angular  functions.  This  may¬ 


be  evaluated  in  the  following  way: 


Writing  vfi=  p*pz  Xa  ,  two-fold  differentiation  both  with  respect  to 
/J  and  Pz  results  in 

'bp*6p*  ~  ^  (Cli‘b>  {2.4  (*?-  ■>  l'a. 

r-AizEj ceafac,  +  +g*>  O?:.-  &c0  ifRbi&Cj$  J 

How  succeeeive  indefinite  integrations  are  performed,  twice  each  with  respect 


kied  at  each  stage  by 


to  f>  and  The  -r-..s;--ami-ir.a  at  each  stage  by 

letting  pt  or  £  go  to  zero,  whereupon  the  integrated  result  should  vanish- 

In  this  way,  by  a  straightforward  but  tedious  procediro,  >,ha  following  re- 

* 

suit  is  obtained: 


fj**)*‘r 

Izf  C-C&ufe^'  j /(*,)  +  Ff*a)-2F65j j 


(606) 


where 


ss  iT  Q* 


«*J*  (*-  -  afc)«v,,“&«w-  ±  £  ***(*■»  4*)^  * 


jful+J***) 


86 


eL/  =  $2  -  d. j  c  ~  -  -  c£s~  ~  — 


- STt*  "2T  5 


_  Pi  hi  t  Bs&n 

*3«-__ - /-2J- 

T  &  «<  0j 

3  A**  _  jSlMl.  .  /  o^/ 

•*  <x-  a. 

2,  c  A^s  —l  J££l 

*  "/ 

z° . 

>  a> 

it--  A4*  wLS^*. 

*■*  ■** 

o  «  fl-fifc 

23s-^  — TT~ 


-  ~  -  (h-  _£■  ) 

u'*a'\bt  i>J 


**  b. 


£-%_  __  Afa  _  /  jgg.*. 

b$ 


mo  # 
**  =  ->■ 


2,*"T  = 
2,+  -^  = 


A  Pi  Pi  Pz  bz  *  cl-Ci 
T*  *  — ^ - 5-  ^ - -* — I — 


<&Z  _ 

r,b, 

Pa-  4a 

Z  ~  CL 

~~TC  ~'A 

.*L- 

Pi  £>, 

f  ol  U 

z 

ilr 

” 

■  d<_ 

Pa  At. 

j  P,b, 

+__. 

fa 

‘  fa 

_,  ,  ^r.  Pa^£ 

___ 


y*3 .4/  / 

d.  4j> 


,  .  „  •  •g-*z- 

^“T 10  ■*  ”ZT“ 

-*o  t  <<?/  f*a  ^  ,  a-C/ 

*/r  2.  ~  ~  Ou  ’  ~  ‘-~b~~ 

_o  .  </i  Pub*.  /  O.C/ 

2a +27-  *, 

Z^2  *  *  .*», 

„«  /5-4»  ,•  a.c* 

**♦*  2  r 

*  4c = -  j5L3l  -a£A 


(6,6)  is  the  counterpart  of  (6,l»)  when  the  more  general  orientation 
is  considered,  (6-6)  would  be  quite  formidable  to  handle  in  the  form  above 
But*  since  the  dimensions  of  the  facet  are  large,  i„eo»..iUV>>l,  JhL  >_>J* 
asymptotic  expansions  of  the  error  functions  may  be  employed.  This  is  the 
same  procedure  used  on  (6,1;)  in  (7) ,  (6C6)  then  reduces  considerably  in 

complexity,  so  that  tha  remaining  steps  in  the  development  may  be  carried 
OUte 


87 


7o  SUMMARY  AND  CONCLUSIONS 


A  study  of  ground  and  sea  clutter  measurements*  interpreted  in  the 
light  of  the  results  of  theoretical  investigations,  indicates  that  the  fol¬ 
lowing  physical  mechanisms  are  of  importance  in  scattering  by  ground  sur¬ 
faces! 

(a)  The  plane-wave  reflection  coefficient  of  t'io  surface  (deter¬ 
mined  by  its  dielectric  constant  and  conductivity)! 

(b)  Reflection  interference  between  direct  and  surface-reflected 
waves,  which  controls  the  illumination  of  the  scattering  elements } 

(e)  The  aspect  (slope)  distribution  of  the  scattering  elements, 
which  controls  the  angular  variation  of  the  scattering* 

(d)  The  size  distribution  of  the  scatter:'  ru;  ilerunts,  which  controls 
the  dependence  of  the  scattering  on  frequency^ 

All  of  these  mechanisms  affect  the  polarization  c’jpinc.ence  of  the  scat¬ 
tering..  In  addition,  the  polarization  dependence  should  b?  affected  by  the 
shape  or  form  of  the  scattering  elements  a 

An  explanation  of  the  polarization  dependence  of  sen  clutter  appears 
tc  be  available  in  terms  of  the  polarization  characteristics  of  small  facets, 
together  with  the  polarization  characteristics  of  the  ’-election  interference 
phenomenon  at  small  depression  angles o  A  comparacle  u  icier* landing  of  the 
polarization  characteristics  of  ground  clutter  does  nos  ..ppear  to  be  in 
hando 

Coherent  radar  systems  described  in  this  report-  toge+her  with  a  new 
quantitative  calibration  technique  which  has  been  devi'ed,  are  especially 
suited  for  making  measurements  of  the  complete  radar  polarization  character¬ 
istics  of  ground  targets □ 
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8»  -  RECOMMENDATIONS. 


On  the  basis  of  the  mechanisms  and  characteristics  revealed  by  clutter 
measurements,  the  following  recommendations  are  submitted* 

(a)  A  program  of  extensive  measurements  c>f  the  polarization  char¬ 
acteristics  of  various  types  of  areas  should  be  undertaken.  Specific  re¬ 
commendations  fcr  such  a  program  in  connection  with  the  radar  at  the  Maynard 
field  site  already  have  been  submitted  [1]0 

(b)  Theoretical  investigations  of  the  polarization  characteristics 
of  typical  forms  of  scattering  elements  should  be  continued e  These  results 
should  then  be  applied  in  the  interpretation  cf  experimental  measurements 
arising  from  (a)  above 0 

(c)  Analysis  of  existing  clutter  measurements  should  be  continued, 
with  the  goal  of  attaining  a  complete  quantitative  understanding  of  the 
phenomena  a 
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